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PATENT 
0020-4951P 



IN THE U.S. PATENT AND TRADEMARK OFFICE 



Applicant : 



HIBI, Takuo et al . 



Int ' 1 . Appl . No. : 



PCT/JP00/05229 



Appl . No . : 



New 



Group : 



Filed: 



January 28, 2 002 



Examiner : 



For: 



SUPPORTED RUTHENIUM OXIDE CATALYST, 
PROCESS FOR PREPARING SUPPORTED 
RUTHENIUM CATALYST AND PROCESS FOR 
PRODUCING CHLORINE 



PRELIMINARY AMENDMENT 



BOX PATENT APPLICATION 

Assistant Commissioner for Patents January 28, 2002 

Washington, DC 20231 

Sir: 

The following Preliminary Amendments and Remarks are 
respectfully submitted in connection with the above -identified 
application . 



IN THE SPECIFICATION t 

Please amend the specification as follows: 

Before line 1, insert --This application is the national 
phase under 35 U.S.C. § 371 of PCT International Application No. 
PCT/ JPOO/05229 which has an International filing date of August 
4, 2000, which designated the United States of America. -- 



AMENDMENTS 



JL Q 11 H»B O H JL - U 3 S BO H 



Docket No. 0020-4951P 



REMARKS 



The specification has been amended to provide a cross- 
reference to the previously filed International Application. 

Entry of the above amendments is earnestly solicited. An 
early and favorable first action on the merits is earnestly 
solicited. 

If necessary, the Commissioner is hereby authorized in this, 
concurrent, and future replies, to charge payment or credit any 
overpayment to Deposit Account Mo. 02-2448 for any additional 
fees required under 37 C.F.R. § 1.16 or under 3 7 C.F.R. § 1.17; 
particularly, extension of time fees. 



Respectfully submitted, 



BIRCH, STEWART , KOLASCH & BIRCH, LLP 



By. 
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DESCRIPTION 

SUPPORTED RUTHENIUM OXIDE CATALYST, PROCESS FOR PREPARING 



SUPPORTED RUTHENIUM CATALYST AND PROCESS FOR PRODUCING 




FIELD OF THE INVENTION 

The present invention relates to a supported ruthenium 
oxide catalyst, a process for preparing a supported 
ruthenium oxide catalyst or a supported ruthenium chloride 
catalyst, and process for producing chlorine- More 
particularly, the present invention relates to a supported 
ruthenium oxide catalyst which has a high catalytic 
activity and thus produces purpose substance in a smaller 
amount at a lower temperature, and which is less sintered 
during the reaction, simplifies the production steps, and 
suffers less deactivation, a process for preparing a 
supported ruthenium oxide catalyst or a supported ruthenium 
chloride catalyst which have the same characteristics as 
above, and a process for producing chlorine by oxidizing 
hydrogen chloride with oxygen in the presence of such a 
catalyst - 
PRIOR ART 

Firstly, a supported ruthenium oxide catalyst is 
explained. The supported ruthenium oxide catalyst is 
useful as a catalyst for the production of chlorine by the 
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oxidation of hydrogen chloride, and it is known that the 
ruthenium oxide catalyst can be prepared by hydrolyzing 
V ruthenium chloride, oxidizing the hydrolyzed product and 

then calcining the oxidized product. For example, US 
5 Patent No. 5,871,707 describes that a ruthenium oxide 
catalyst supported on titanium oxide is prepared by 
hydrolyzing a ruthenium compound with an alkali metal 
hydroxide, supporting the hydrolyzed product on titanium 
hydroxide, and calcining the supported product under air. 

10 The present inventors have found that a supported ruthenium 
oxide catalyst can be obtained by oxidizing a supported 
metal ruthenium catalyst ( JP-A-10-338502 ) . The supported 
metal ruthenium catalyst may be prepared by supporting 
ruthenium chloride on a carrier, drying the supported 

15 ruthenium chloride and heating it in a hydrogen stream. 

However, when ruthenium chloride is reduced with hydrogen, 
ruthenium is sintered, and thus the supported ruthenium 
oxide catalyst, which is produced by oxidizing the catalyst 
reduced with hydrogen, has a low activity. That is a 

20 problem. 

Hitherto, a supported ruthenium oxide catalyst 
comprising titanium oxide as a carrier is known. However, 
from the viewpoint of a catalyst life, the development of a 
supported ruthenium oxide catalyst, the catalyst life of 

25 which is prolonged by the improvement of the carrier, has 
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been sought- 

Conventionally, a catalyst having a high catalytic 
activity can be prepared by treating a ruthenium compound, 
in particular, a ruthenium halide, supported on a carrier 
5 with an alkaline solution of hydrazine, but the development 
of a ruthenium base catalyst having a higher catalyst 
activity through the improvement of a preparation method 
has been desired. Furthermore, it is desired to develop a 
ruthenium oxide catalyst having a higher catalytic activity 

10 by increasing a proportion of a ruthenium oxide surface 

which is effective for the reaction in the ruthenium oxide 
particles supported on a carrier. 

Next, a method for preparing a supported ruthenium 
oxide catalyst or a supported ruthenium chloride catalyst 

15 is explained. Such a method has the same problems as those 
described in the above in connection with the supported 
ruthenium oxide catalyst. In addition to such problems, 
there is a problem that ruthenium oxide or a ruthenium 
halide supported on a carrier is sintered during a reaction 

20 and thus the catalytic activity deteriorates. Therefore, 

it is desired to provide a catalyst which less suffers from 
the sintering of ruthenium oxide or the ruthenium halide 
supported on the carrier during the reaction. Besides, the 
decrease of the steps of a process for preparing a catalyst 

25 is more preferable, and it is desired to prepare a catalyst 
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having a high catalytic activity by a simple process* In 
general, there is a problem that the activity of the 
catalyst decreases during the reaction. Accordingly, the 
development of a catalyst which less suffers from the 
5 decrease of the catalytic activity. 

Now, a method for producing chlorine is explained. 
It is well known that chlorine is useful as a raw 
material of vinyl chloride, phosgene, etc. and can be 
produced by oxidizing hydrogen chloride. For example, the 

10 Deacon reaction using a Cu catalyst is well known. For 

instance, GB Patent No. 1,046,313 discloses a process for 
producing chlorine comprising oxidizing hydrogen chloride 
in the presence of a catalyst containing a ruthenium 
compound, and describes that ruthenium (III) chloride is 

15 particularly effective among the ruthenium compounds* 
Furthermore, this GB Patent discloses the use of a 
ruthenium compound supported on a carrier, and exemplifies 
silica gel, alumina, pumice and ceramic materials as 
carriers. In the Examples, a ruthenium chloride catalyst 

20 supported on silica was used* However, when an experiment 
was carried out using a catalyst which was prepared by 
repeating the process for preparing (or tracing) a 
ruthenium (III) chloride catalyst supported on silica, 
which is disclosed in this GB Patent, the ruthenium 

25 compound as the catalyst component remarkably volatilized, 
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and therefore it was disadvantageous for industrial use. 
EP 0 184 414 A2 discloses a process for producing chlorine 
by oxidizing hydrogen chloride in the presence of a 
chromium oxide catalyst. However, conventionally known 
5 processes have a problem that the activity of the catalyst 
is insufficient, and a high reaction temperature is 
required. 

When the activity of the catalyst is lower, a higher 
reaction temperature is required. However, since the 

10 reaction of oxidizing hydrogen chloride with oxygen for the 
production of chlorine is an equilibrium reaction, the 
higher reaction temperature is disadvantageous from the 
viewpoint of equilibrium, and decreases the equilibrium 
conversion of hydrogen chloride. When the catalyst has a 

15 high activity, the reaction temperature can be decreased 

and, therefore, the reaction becomes advantageous from the 
viewpoint of the equilibrium, and the higher conversion of 
hydrogen chloride can be attained. When the reaction 
temperature is high, the activity of the catalyst may be 

20 decreased by the volatilization of the catalyst component. 

From this point of view, it has been required to develop a 
catalyst which can be used at a low temperature. 

For the industrial use, a catalyst is required to have 
both a high activity of the catalyst and a high activity 

25 per the unit mass of ruthenium contained in the catalyst. 
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Since the high activity per the unit mass of ruthenium 
contained in the catalyst can decrease the amount of 
ruthenium contained in the catalyst, it is advantageous 
from the viewpoint of a cost* It is possible to select 
5 reaction conditions which are advantageous for the reaction 
equilibrium, when the reaction is carried out at a lower 
temperature using the catalyst having the higher activity. 
It is preferred to conduct the reaction at a lower 
temperature in view of the stability of the catalyst. 

10 Furthermore, from the industrial point of view, a 

catalyst is desired, which less suffers from the decrease 
of the catalytic activity. It is preferred for a catalyst 
to have a smaller degree (or rate) of deterioration of the 
catalytic activity, when the change of catalytic activity 

15 over time is measured. That is, a catalyst having a longer 
life is required. 

Accordingly, the process for producing chlorine has 
the same problems as those described in the above in 
connection with the supported ruthenium oxide catalyst, and 

20 also the process for preparing the supported ruthenium 

oxide catalyst or a supported ruthenium chloride catalyst. 
SUMMARY OF THE INVENTION 

One object of the present invention is to provide a 
supported ruthenium oxide catalyst which has a high 

25 catalytic activity and thus produces a desired substance in 
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a smaller amount at a lower temperature, and which is less 
sintered during the reaction, simplifies the production 
steps, and suffers less deactivation. 

Another object of the present invention is to provide 
5 a process for preparing a supported ruthenium oxide 

catalyst or a supported ruthenium chloride catalyst which 
has the same characteristics as those described above. 

A further object of the present invention is to 
provide a process for producing chlorine by oxidizing 
10 hydrogen chloride with oxygen in the presence of such a 
supported ruthenium oxide catalyst. 

According to the first aspect of the present invention, 
there is provided a supported ruthenium oxide catalyst 
selected from the group consisting of: 
15 (1) a supported ruthenium oxide catalyst comprising 

titanium oxide which contains the rutile crystal form, and 
which is obtained by calcination at a temperature of at 
least 550°C, as a carrier; 

(2) a supported ruthenium oxide catalyst having a 
20 carbon monoxide adsorption amount of at least 87.5 ml per 
one gram of ruthenium contained in the catalyst, which is 
measured by the following steps of: 

reducing 0.1 g of said catalyst at 220°C for 60 
minutes with flowing a hydrogen gas at a flow rate of 50 
25 ml/min. under atmospheric pressure, and 
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conducting a metal surface area measuring method 
according to a carbon monoxide pulse; 

(3) a supported ruthenium oxide catalyst obtained by a 
preparation process comprising the steps of: 
5 supporting a ruthenium compound on a carrier, 

calcining said supported one at a temperature of at 
least 200°C in an atmosphere selected from the group 
consisting of an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere, 
10 treating said calcined one with a mixed solution of 

hydrazine and an alkaline compound, 
and 

oxidizing said hydrazine-treated one* 
According to the second aspect of the present 
15 invention, there is provided a process for producing a 

supported ruthenium oxide catalyst or a supported ruthenium 
chloride catalyst selected from the group consisting of the 
following processes (1) to (6): 

(1) a process comprising the steps of: 
20 supporting a ruthenium compound on a carrier 

consisting of titanium oxide which contains the rutile 
crystal form, and which is obtained by calcination at a 
temperature of at least 550°C, and 

calcining said supported one in an atmosphere selected 
25 from the group consisting of an oxidizing gas atmosphere, 
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an inert gas atmosphere and a reducing gas atmosphere; 

(2) a process comprising the steps of: 
supporting a ruthenium compound on a carrier, 
calcining said supported one at a temperature of at 

5 least 200°C in an atmosphere selected from the group 

consisting of an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere, 

treating said calcined one with a mixed solution of 
hydrazine and an alkaline compound, 
10 and 

oxidizing said hydrazine- treated one 
wherein said supported ruthenium oxide catalyst has a 
carbon monoxide adsorption amount of at least 87.5 ml per 
one gram of ruthenium contained in the catalyst, which is 
15 measured by the following steps of: 

reducing 0.1 g of said catalyst at 220°C for 60 
minutes with flowing a hydrogen gas at a flow rate of 50 
ml/min. under atmospheric pressure, and 

conducting a metal surface area measuring method 
2 0 according to a carbon monoxide pulse; 

(3) a process comprising the steps of: 
supporting a ruthenium compound on a carrier, 
calcining said supported one at a temperature of at 

least 200°C in an atmosphere selected from the group 
25 consisting of an oxidizing gas atmosphere, an inert gas 
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atmosphere and a reducing gas atmosphere, 

treating said calcined one with a mixed solution of 
hydrazine and an alkaline compound, 
and 

5 oxidizing said hydrazine-treated one; 

(4) a process comprising the steps of: 
supporting a ruthenium compound on a carrier, 

and 

calcining said supported one in an atmosphere selected 
10 from the group consisting of an oxidizing gas atmosphere, 
an inert gas atmosphere and a reducing gas atmosphere, 
wherein, when the peak intensity ratio of the produced 
catalyst and that of the catalyst after a 50 hours reaction 
test, which are measured by an extended X-ray absorption 
15 fine structure analysis (EXAFS) method, are A(b) and B(b) 
respectively, the peak intensity ratios A(b) and B(b) 
satisfy the following equation (1): 

1 < B(b)/A(b) < 1.45 (1) 
provided that A(b) < 0.8, 
20 wherein A(b) is a peak intensity ratio of as-produced 

Catalyst b measured by the EXAFS method, and B(b) is a peak 
intensity ratio of Catalyst b measured by the EXAFS method 
after the 50 hours reaction test; 
in which 

25 the 50 hours reaction test is carried out by filling 
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supported ruthenium oxide Catalysts a and b in a reactor in 
this order from the inlet of the reactor in a weight ratio 
of 1:10 (Catalyst a to Catalyst b) , and supplying, under 
atmospheric pressure, a hydrogen chloride gas at a flow 
5 rate of 0.185 to 0.197 mol/g-cat . hr . while supplying an 

oxygen gas at a flow rate of 0.092 to 0.098 mol/g-cat . hr . 
to carry out the reaction for 50 hours while maintaining 
the hot spot of Catalyst b at 360°C±1°C, wherein Catalyst a 
is a catalyst having a chlorine formation activity per unit 

10 mass of catalyst of 2 x 10~ 4 to 3 x 10" 4 mol/min . g-cat . , 

which is obtained in a reaction test for forming chlorine 
by oxidizing hydrogen chloride with oxygen at 300°C with a 
molar ratio of hydrogen chloride to oxygen being 1:1, and 
Catalyst b is a supported ruthenium oxide Catalyst produced 

15 by the above process, 
and in which 

EXAFS method: Catalyst b is measured by an X-ray 
absorption fine structure analysis (XAFS) method at the Ru- 
K absorption edge, and the peak intensity of the catalyst 

20 is evaluated by the peak around 0.32 nm in a radial 
distribution function obtained by the Fourier 
transformation of the EXAFS spectrum, wherein the peak 
intensity corresponds to the number of the second nearest 
neighbor ruthenium atoms of the X-ray absorbing ruthenium 

25 atoms in ruthenium dioxide, and the peak intensity ratio of 
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the catalyst is calculated by dividing the peak intensity 
of the catalyst by that of ruthenium oxide having a 
particle size of at least 10 run; 

(5) a process comprising the following steps but not a 
5 treating step with hydrazine: 

supporting a ruthenium compound on a titanium oxide 
carrier containing the rutile crystal form, 
and 

calcining said supported one at a temperature of 200°C 
10 to 600°C in an atmosphere selected from the group 

consisting of an oxidizing gas atmosphere, an inert gas 

atmosphere and a reducing gas atmosphere; 

and 

(6) a process comprising the following steps but 
15 neither a calcining step nor a treating step with 

hydrazine : 

supporting a ruthenium halide on a titanium oxide 
carrier containing the rutile crystal form, 
and 

20 drying said supported one in an atmosphere selected 

from the group consisting of an oxidizing gas atmosphere, 
an inert gas atmosphere and a reducing gas atmosphere at a 
temperature of 20°C to less than 200°C. 

According to the third aspect of the present invention 

25 there is provided a process for producing chlorine by 
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oxidizing hydrogen chloride with oxygen, which uses at 
least one catalyst selected from the group consisting of 
the following catalysts (1) to (6): 

(1) a supported ruthenium oxide catalyst comprising 

5 titanium oxide which contains the rutile crystal form, and 
which is obtained by calcination at a temperature of at 
least 550°C, as a carrier; 

(2) a supported ruthenium oxide catalyst having a 
carbon monoxide adsorption amount of at least 87.5 ml per 

10 one gram of ruthenium contained in the catalyst, which is 

measured by the following steps of: 

reducing 0.1 g of said catalyst at 220°C for 60 

minutes with flowing a hydrogen gas at a flow rate of 50 

ml/min. under atmospheric pressure, and 
15 conducting a metal surface area measuring method 

according to a carbon monoxide pulse; 

(3) a supported ruthenium oxide catalyst obtained by a 
preparation process comprising the steps of: 

supporting a ruthenium compound on a carrier, 
20 calcining said supported one at a temperature of at 

least 200°C in an atmosphere selected from the group 
consisting of an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere, 

treating said calcined one with a mixed solution of 
25 hydrazine and an alkaline compound, 
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and 

oxidizing said hydrazine- treated one; 

(4) a supported ruthenium oxide catalyst produced by a 
process comprising the steps of: 
5 supporting a ruthenium compound on a carrier, 

and 

calcining said supported one in an atmosphere selected 
from the group consisting of an oxidizing gas atmosphere, 
an inert gas atmosphere and a reducing gas atmosphere, 

10 wherein, when the peak intensity ratio of the produced 

catalyst and that of the catalyst after a 50 hours reaction 
test, which are measuerd by an extended X-ray absorption 
fine structure analysis (EXAFS) method, are A(b) and B(b) 
respectively, the peak intensity ratios A(b) and B{b) 

15 satisfy the following equation (1): 

1 < B(b)/A(b) < 1.45 (1) 
provided that A(b) < 0.8, 
wherein A(b) is a peak intensity ratio of as-produced 
Catalyst b measured by the EXAFS method, and B(b) is a peak 

20 intensity ratio of Catalyst b measured by the EXAFS method 
after the 50 hours reaction test; 
in which 

50 Hours reaction test: Supported ruthenium oxide 
Catalysts a and b are filled in a reactor in this order 
25 from the inlet of the reactor in a weight ratio of 1:10 
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(Catalyst a to Catalyst b) , and a hydrogen chloride gas is 
supplied under atmospheric pressure at a flow rate of 0.185 
to 0.197 mol/g-cat .hr . while supplying an oxygen gas at a 
flow rate of 0.092 to 0.098 mol/g-cat . hr . to carry out the 
5 reaction for 50 hours while maintaining the hot spot of 

Catalyst b at 360°C±1°C, in which Catalyst a is a supported 
ruthenium oxide catalyst having a chlorine formation 
activity per unit mass of the catalyst of 2 x 10" 4 to 3 x 
10~ 4 mol/min. g-cat . , which is obtained in a reaction test 
10 for forming chlorine by oxidizing hydrogen chloride with 

oxygen at 300°C with a molar ratio of hydrogen chloride to 
oxygen being 1:1, and Catalyst b is a supported ruthenium 
oxide catalyst produced by the above process, 
and in which 

15 EXAFS method: Catalyst b is measured by an X-ray 

absorption fine structure analysis (XAFS) method at the Ru- 
K absorption edge, and the peak intensity of the catalyst 
is evaluated by the peak around 0.32 nm in a radial 
distribution function obtained by the Fourier 

20 transformation of the EXAFS spectrum, wherein the peak 

intensity corresponds to the number of the second nearest 
neighbor ruthenium atoms of the X-ray absorbing ruthenium 
atoms in ruthenium dioxide, and the peak intensity ratio of 
the catalyst is calculated by dividing the peak intensity 

25 of the catalyst by that of ruthenium oxide having a 
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particle size of at least 10 nm; 

(5) a supported ruthenium oxide catalyst produced by a 
process comprising the following steps but not a treating 
step with hydrazine: 

5 supporting a ruthenium compound on a titanium oxide 

carrier containing the rutile form, 
and 

calcining said supported one at a temperature of 200°C 
to 600°C in an atmosphere selected from the group 
10 consisting of an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere; 
and 

(6) a supported ruthenium oxide catalyst produced by a 
process comprising the following steps but neither a 

15 calcining step nor a treating step with hydrazine: 

supporting a ruthenium halide on a titanium oxide 
carrier containing the rutile crystal form, 
and 

drying said supported one in an atmosphere selected 
20 from the group consisting of an oxidizing gas atmosphere, 
an inert gas atmosphere and a reducing gas atmosphere at a 
temperature of 20°C to less than 200°C. 
DETAILED DESCRIPTION OF THE INVENTION 

The relationship of the catalysts described in the 
25 first to third aspects of the present inventions is 
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explained. 

As a typical example, the relationship of the 
catalysts (1) through (6) in the third aspect of the 
present invention is explained. 
5 For example, the catalyst (1) of the third aspect of 

the present invention, that is, a supported ruthenium oxide 
catalyst comprising titanium oxide which contains the 
rutile crystal form, and which is obtained by calcination 
at a temperature of at least 550°C, as a carrier, is a 

10 preferred example of the catalysts (2) and (6) of the third 
aspect of the present invention. 

The catalyst (3) of the third aspect of the present 
invention is prepared by the process comprising four steps, 
that is, the steps of supporting a ruthenium compound on a 

15 carrier, calcining said supported one at a temperature of 
at least 200°C in an atmosphere selected from the group 
consisting of an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere, treating said 
calcined one with a mixed solution of hydrazine and an 

20 alkaline compound, and oxidizing said hydrazine-treated one 
However, a catalyst, which is prepared by a process 
comprising one or two steps of the above four steps, has 
also its own characteristics, as it is presented as the 
catalyst from (4) to (6) of the third aspect of the present 

25 invention. 
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As shown in the catalyst which is prepared by the 
process comprising two steps, that is, the steps of 
supporting a ruthenium compound on a carrier, calcining 
said supported one at a temperature of at least 200°C in an 
5 atmosphere selected from the group consisting of an 

oxidizing gas atmosphere, an inert gas atmosphere and a 
reducing gas atmosphere, has its own characteristics, as it 
is presented as the catalyst (4), (5) of the third aspect 
of the present invention. 
10 Furthermore, a catalyst, which is prepared by a 

process comprising the one step, has its own 
characteristics, as it is presented as the catalyst (6) of 
the third aspect of the present invention* 

Hereinafter, the inventions of the first to third 
15 aspects will be explained. 

The catalyst (1) of the first aspect of the present 
invention is a supported ruthenium oxide catalyst 
comprising titanium oxide which contains the rutile crystal 
form, and which is obtained by calcination at a temperature 
20 of at least 550°C, as a carrier. 

The calcination temperature is preferably from 550 to 
1,000°C, more preferably from 600 to 1,000°C, particularly 
preferably from 700 to 1,000°C, most preferably from 800 to 
1, 000°C. 

25 When such a carrier is used, a catalyst which suffers 
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from less deactivation in comparison with the conventional 
ones can be obtained. 

Here, a test method for a reaction to obtain chlorine 
by oxidizing hydrogen chloride is explained. 
5 As a material of a test reaction tube, nickel, glass, 

quartz glass, and the like can be used. Since reaction 
gasses and formed gasses are corrosive, some special cares 
should be taken when other material is used. When the 
catalyst has a high activity, the heat of reaction cannot 

10 be removed from the reaction tube. In such a case, the 

catalyst is diluted with a carrier such as a-alumina balls 
and then filled in the reaction tube to increase the heat- 
removing efficiency. When the heat conductivity of the 
catalyst layer in the reactor tube is insufficient, the 

15 heat of reaction is not removed and thus the temperature 
locally rises and the reaction temperature may not be 
suitably controlled so that the correct test may not be 
performed. When a plurality of layers of the catalysts are 
filled in the reactor tube, a respective temperature can be 

20 set with each catalyst layer. In general, the catalyst 
temperature is in the range between 250 and 450°C. 

Now, the preparation example of the catalyst according 
to the present invention is explained. 

The supported ruthenium oxide catalyst may be prepared 

25 by treating a ruthenium compound supported on a carrier 
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with a reducing compound or a mixture of a reducing 
compound and a base compound, and oxidizing the treated 
ruthenium compound supported on the carrier. 

Typically, titanium oxide containing rutile 
5 crystalline titanium oxide is used as a carrier. 

In general, titanium oxide includes rutile crystalline 
titanium oxide, anatase crystalline titanium oxide, non- 
crystalline titanium oxide, etc. 

Titanium oxide containing rutile crystal form used in 
10 the present invention means titanium oxide containing the 

rutile crystal, when the ratio of the rutile crystal to the 
anatase crystal in titanium oxide is measured by the X-ray 
diffraction analysis. This analysis will be explained in 
detail below. 

15 When the chemical composition of the carrier used in 

the present invention consists of titanium oxide, the 
proportion of the rutile crystal can be determined from the 
ratio of the rutile crystal and the anatase crystal in 
titanium oxide measured by the X-ray diffraction analysis. 

20 However, since the carrier may contain a mixed oxide of 

titanium oxide and other metal oxide, in such a case, the 
content of the rutile crystal can be determined as 
described below. 

The oxide to be mixed with the titanium oxide include 

25 oxide of elements, and preferred examples of oxides include 
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alumina, zirconium oxide, silica, etc. The proportion of 
the rutile crystal in the mixed oxide is also determined 
from the ratio of the rutile crystal to the anatase crystal 
in titanium oxide measured by the X-ray diffraction 
5 analysis. In the present invention, titanium oxide should 
contain the rutile crystal. In this case, the content of 
the metal oxide other than titanium oxide is from 0 to 60 
mass %. Preferably, the carrier does not contain any metal 
oxide other than titanium oxide. 
10 Titanium oxide should contain the rutile crystal. The 

proportion of the rutile crystal is preferably at least 
10 %, more preferably at least 30 %, in particular at least 
80 %. 

Various methods are known to prepare titanium oxide 
15 containing the rutile crystal. In general, the following 
preparation method is used. 

When titanium tetrachloride is used as a raw material, 
titanium tetrachloride is dropwise added to ice-cooled 
water and neutralized with aqueous ammonia to form titanium 
20 hydroxide (orthotitanic acid) . Then, the formed 

precipitate is washed with water to remove chloride ions. 
In such a process, when the temperature in the course of 
the neutralization rises to a high temperature of 20°C or 
higher, or the chloride ions remain in titanium oxide after 
25 washing, titanium hydroxide can be easily converted to 
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rutile crystalline titanium oxide by calcination. When the 
calcination temperature is 600°C or higher, titanium oxide 
easily becomes the rutile crystal type ("SHOKUBAI CHOUSEI 
KAGAKU" (Catalyst Preparation Chemistry) , 1989, page 211 
5 published by KODANSHA) . 

Alternatively, a mixed gas of oxygen and nitrogen is 
introduced in an evaporator for titanium tetrachloride to 
prepare a reaction gas, which is introduced in a reactor. 
The reaction between titanium tetrachloride and oxygen 

10 starts at a temperature around 400°C, and titanium dioxide 
synthesized by the reaction of TiCl 4 and 0 2 at such a 
temperature is mainly the anatase type. When the reaction 
temperature rises to 900°C or higher, the rutile type 
titanium oxide forms ("SHOKUBAI CHOUSEI KAGAKU" (Catalyst 

15 Preparation Chemistry) , 1989, page 89 published by 
KO DANS HA) . 

Furthermore, the following methods may be used: 
a method comprising hydrolyzing titanium tetrachloride 
in the presence of ammonium sulfate and calcining the 
2 0 hydrolyzed product (for example, "SHOKUBAI KOGAKU KOZA" 

(Chatalyst Engineering Lectures) 10, "GENSOBETSU SHOKUBAI 
BINRAN" (ELEMENT-BY-ELEMENT CATALYST HANDBOOK), 1978, page 
254 published by CHIJIN SHOKAN) ; a method comprising 
calcining anatase crystalline titanium oxide (for example, 
25 "KINZOKU SANKABUTU TO FUKUGO SANKABUTU" (Metal Oxides and 
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Mixed oxides), 1980, page 107 published by KODANSHA) ; etc, 
Rutile crystalline titanium oxide may be prepared by 
thermally hydrolyzing an aqueous solution of titanium 
tetrachloride . 

5 In addition, rutile crystalline titanium oxide may be 

prepared by firstly mixing an aqueous solution of a 
titanium compound (e.g. titanium sulfate, titanium chloride, 
etc.) and rutile crystalline titanium oxide powder, 
thermally hydrolyzing or alkali hydrolyzing the mixture, 

10 and then calcining the hydrolyzed product at a relatively 
low temperature of around 500°C. 

As described above, the ratio of the rutile crystal in 
titanium oxide can be determined by the X-ray diffraction 
analysis. As an X-ray source, various types of the source 

15 such as the Ka ray of copper may be used. When the Ka ray 
of copper is used, the proportions of the rutile crystal 
and the anatase crystal can be determined from the 
intensity of the diffraction peak of the (110) plane at 20 
= 27.5 degrees, and that of the diffraction peak of the 

20 (101) plane at 20 = 25.3 degrees in the X-ray diffraction 

pattern. 

The titanium oxide carrier to be used in the present 
invention includes one having the peak intensity of the 
rutile crystal and that of the anatase crystal, or one 
25 having the peak intensity of the rutile crystal only. That 
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is, titanium oxide may be one having the diffraction peak 
assigned to the rutile crystal and that assigned to the 
anatase crystal, or one having only the diffraction peak 
assigned to the rutile crystal. In preferred titanium 
5 oxide, a ratio of the peak intensity of the rutile crystal 
to the sum of the peak intensity of the rutile crystal and 
that of the anatase crystal is at least 10 %. 

Specific methods for the preparation of the catalyst 
will be explained later in connection with the catalyst (3) 

10 according to the first aspect of the present invention. 

The supported ruthenium oxide catalyst (2) according 
to the first aspect of the present invention is a supported 
ruthenium oxide catalyst having a carbon monoxide 
adsorption amount of at least 87.5 ml per one gram of 

15 ruthenium contained in the catalyst, which is measured by 
the steps of reducing 0.1 g of said catalyst at 220°C for 
60 minutes with flowing a hydrogen gas at a flow rate of 50 
ml/min. under atmospheric pressure, and conducting a metal 
surface area measuring method according to a carbon 

20 monoxide pulse. 

The details of the MSA measuring method will be 
explained in the Examples. 

The adsorbed amount of carbon monoxide per the unit 
mass of ruthenium correlates with the metal surface area 

25 (MSA) of ruthenium, which, in turn, correlates with the 
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surface area of ruthenium oxide prior to the reduction. 
Furthermore, the surface area of ruthenium oxide correlates 
with the number of active sites of catalytically active 
ruthenium oxide. 

5 The activity of the supported ruthenium oxide catalyst 

corresponds to the number of active sites of ruthenium 
oxide, but it is difficult to directly measure the surface 
area of ruthenium oxide corresponding to the number of the 
active sites. However, it is possible to measure the metal 
10 surface area by reducing the catalyst to form metal 

ruthenium and then adsorbing carbon monoxide on the metal 
ruthenium. In this case, to maintain the correlation 
between the surface area of ruthenium oxide on the carrier 
and the surface area of metal ruthenium after the reduction, 
15 it is a prerequisite that ruthenium is not sintered by the 
reduction with hydrogen. 

Thus, the present inventors investigated the reducing 
conditions of the supported ruthenium oxide catalyst. As a 
result, it has been found that ruthenium oxide can be 
20 reduced without being sintered, when 220°C is selected as a 
reducing temperature from the range between 150°C and 250°C, 
one hour is selected as a reducing time, and a heating rate 
of 20°C/min. and a hydrogen flow rate of 50 ml/min. are 
determined. 

The amount of carbon monoxide adsorbed on reduced 
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ruthenium has a specific relationship with the surface area 
of metal ruthenium. 

Accordingly, as an index of the activity of the 
supported ruthenium oxide catalyst, a method for measuring 
5 the amount of adsorbed carbon monoxide has been established, 
which method comprises the steps of: 

reducing 0.1 g of said catalyst at 220°C for 60 
minutes with flowing a hydrogen gas at a flow rate of 50 
ml/min. under atmospheric pressure, and 
10 conducting a metal surface area measuring method 

according to a carbon monoxide pulse. 

In general, the supported ruthenium oxide catalyst (2) 
has a carbon monoxide adsorption amount of at least 87.5 ml 
per one gram of ruthenium contained in the catalyst (ml/g- 
15 Ru) . Preferably, the carbon monoxide adsorption amount is 
from 90 to 200 ml/g-Ru, more preferably from 92.5 to 150 
ml/g-Ru . 

Various methods may be used to prepare the supported 
ruthenium oxide catalyst having the larger number of active 

20 sites of ruthenium oxide. Some specific methods will be 

explained, but the catalyst (2) of the first aspect of the 
present invention can be produced by the process employed 
to prepare the catalyst (3) of the first aspect of the 
present invention . 

25 Hereinafter, the catalyst (3) of the first aspect of 
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the present invention will be explained. The catalyst (3) 
of the first aspect of the present invention is one example 
of the catalyst (2) of the first aspect of the present 
invention . 

5 The supported ruthenium oxide catalyst (3) of the 

first aspect of the present invention is one prepared by 
the process comprising the steps of: 
supporting a ruthenium compound on a carrier, 

calcining said supported one at a temperature of at 
10 least 200°C in an atmosphere selected from the group 

consisting of an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere, 

treating said calcined one with a mixed solution of 
hydrazine and an alkaline compound, 
15 and 

oxidizing said hydrazine-treated one. 

Firstly, the step to support a ruthenium compound on a 
carrier is explained. 

Examples of the carrier include oxides and mixed 
20 oxides of elements such as titanium oxide, alumina, 

zirconium oxide, silica, titanium mixed oxide, zirconium 
mixed oxide, aluminum mixed oxide, silicon mixed oxide, etc. 
Preferred carrier are titanium oxide, alumina, zirconium 



oxide and silica. Among them, titanium oxide is more 
25 preferred. 
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A particularly preferred carrier is titanium oxide 
containing rutile crystalline titanium oxide. 

Such titanium oxide containing rutile crystalline 
titanium oxide has been explained in the above in 
connection with the catalyst (1) of the first aspect of the 
present invention . 

In the case of the supported ruthenium oxide catalyst 
comprising titanium oxide containing rutile crystalline 
titanium oxide as a carrier, its catalytic activity can be 
increased by the optimization of the amount of OH groups 
contained in the carrier. In general, it is known that 
hydroxyl (OH) groups bonded to titanium atoms are present 
on the surface of titanium oxide. In the present invention, 
used titanium oxide contains the OH groups. A method for 
measuring the amount of the OH groups will be explained in 
detail below. 

The amount of the OH groups contained in the carrier 
can be determined from the amount of the OH groups in 
titanium oxide, when the chemical composition of the 
carrier used in the present invention consists of titanium 
oxide only. However, the carrier may be a mixed oxide of 
titanium oxide and other metal oxide. Preferred examples 
of the other metal oxide include alumina, zirconium oxide, 
silica, etc. In such a case, the content of the metal 
oxide other than titanium oxide is from 0 to 60 mass %. In 



:i O O H 4 h i. ii :i . , f * 3; ^ h; ij 



WO 01/10550 PCT/JP00/05229 

29 



this case, the amount of the OH group contained in the unit 
mass of the carrier can be measured by the method, which 
will be explained in detail below. Preferably, the carrier 
does not contain any metal oxide other than titanium oxide. 
5 When the amount of the OH groups is too large, the 

carrier and supported ruthenium oxide react each other, and 
thus the catalyst may be deactivated. When the amount of 
the OH group is too small, the activity of the catalyst may 
be decreased by the sintering of supported ruthenium oxide 

10 or other phenomena. That is, the OH groups are contained 
in an amount in a suitable range depending the amount of 
the ruthenium compound to be supported on the carrier, and 
the catalytic activity gradually increases as the amount of 
the OH group increases in such a range, and tends to 

15 decrease after it reaches the peak activity. Therefore, 

the catalyst exhibits a high activity in the suitable range 
of the amount of the OH groups. 

The amount of the OH groups contained in the titanium 
oxide carrier used in the catalyst of the present invention 

20 is generally from 0.1 x 10" 4 to 30 x 10~ 4 mol/g-carrier, 

preferably from 0.2 x 10" 4 to 20 x 10~ 4 mol/g-carrier, more 
preferably from 3.0 x 10~ 4 to 10 x 10" 4 mol/g-carrier. 

There are various methods for determining the amount 
of the OH groups contained in titanium oxide. A preferred 

25 method is a titration method using an alkyl alkali metal. 
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Preferably, the titration method using the alkyl alkali 
metal comprises suspending the titanium oxide carrier or 
the titanium oxide carrier powder in a dehydrated solvent, 
dropwise adding the alkyl alkali metal in a nitrogen 
5 atmosphere, and calculating the amount of the OH group 

contained in titanium oxide from the amount of a generated 
hydrocarbon. In this method, water remained in the 
dehydrated solvent reacts with the alkyl alkali metal to 
generate the hydrocarbon. Therefore, the amount of the 

10 hydrocarbon generated by the reaction of residual water and 
the alkyl alkali metal should be deducted from the total 
amount of the hydrocarbon to obtain the correct amount of 
the OH groups contained in titanium oxide. 

In the most preferred embodiment of the above 

15 titration method, the titanium oxide carrier or the 

titanium oxide carrier powder is suspended in dehydrated 
toluene, methyl lithium is dropwise added to the suspension 
in the nitrogen atmosphere, and then the amount of the OH 
group contained in titanium oxide is calculated from the 

20 amount of generated methane . The amount of the OH groups 
contained in titanium oxide, which is defined in this 
specification, is measured by this most preferred method. 
For example, the measuring steps are as follows: 
Firstly, a sample is dried under air at 150°C for 2 

25 hours, and cooled in a desiccater. Then, a specific amount 
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of the sample is transferred to a flask which has been 
replaced with nitrogen, and suspended in an organic solvent 
such as dehydrated toluene. Into the suspension, methyl 
lithium is dropwise added while cooling the flask with ice 
5 to suppress the heat generation, and the generated gas is 
trapped and its volume is measured at a measuring room 
temperature . 

The process of adjusting the amount of the OH groups 
contained in the titanium oxide carrier to a predetermined 

10 amount includes various process. For example, a 

temperature and/or time to calcine the carrier can be 
controlled for this purpose. The OH groups can be 
eliminated from the titanium oxide carrier by heating, and 
the calcination temperature or time can be changed to 

15 control the amount of the OH groups in the titanium oxide 
carrier . 

The calcination temperature of the carrier is usually 
from 100 to 1,000°C, preferably from 150 to 800°C, and the 
calcination time of the carrier is usually from 30 minutes 
20 to 12 hours. In the calcination step, it should be noted 
that the surface area of the carrier decreases as the 
calcination temperature rises, or the calcination time is 
prolonged . 

Furthermore, when titanium oxide is produced in a gas 
25 phase, one containing the small amount of the OH group can 
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be produced, while when titanium oxide is produced in an 
aqueous phase such as an aqueous solution, one containing 
the large amount of the OH group can be produced. 

Examples of the ruthenium compound to be supported on 
5 the carrier include ruthenium chlorides such as RuCl 3 / 

RuCl 3 hydrate, etc.; chlororuthenate salts such as K 3 RuCl 6 , 
(RuCl 6 ) 3 ~f K 2 RuCl 6 , etc.; chlororuthenate salt hydrates such 
as [RuCl 5 (H 2 0) 4 ] 2 ~ f [RuCl 2 (H 2 0) 4 ] + , etc.; ruthenate salts such 
K 2 Ru0 4 , etc.; ruthenium oxychlorides such as Ru 2 OCl 4 , Ru 2 OCl 5 , 

10 Ru 2 OCl 6 / etc.; salts of ruthenium oxychlorides such as 

K 2 Ru 2 OClio/ Cs 2 Ru 2 OCl 4 , etc.; ruthenium- ammine complexes such 
as [Ru (NH 3 ) e] 2+ f [Ru (NH 3 ) 6 ] 3+ , [Ru (NH 3 ) 5 H 2 OJ 2+ , etc.; chlorides 
and bromides of ruthenium- ammine complexes such as 
[Ru(NH 3 ) 5 C1] 2 \ [Ru (NH 3 ) 6 ]C1 2 , [Ru (NH 3 ) g]C1 3 , [Ru (NH 3 ) 6 ]Br 3 , 

15 etc.; ruthenium bromides such as RuBr 3 , RuBr 3 hydrate, 

etc.; other ruthenium-organoamine complexes; ruthenium- 
acetylacetonato complexes ; ruthenium-carbonyl complexes 
such as Ru(CO) 5 , Ru 3 (CO) i2 , etc.; organic acid salts of 
ruthenium such as [Ru 3 0 (OCOCH 3 ) 6 (H 2 0) 3 ] OCOCH 3 hydrate, 

20 Ru 2 (RCOO) 4 Cl in which R is an alkyl group having 1 to 3 

carbon atoms, etc.; ruthenium-nitrosyl complexes such as 
K 2 [RuCl 5 (NO) ] , Rut (NH 3 ) 5 (NO) ]C1 3 , [Ru(OH) (NH 3 ) a (NO) ] (N0 3 ) 2 , 
Ru (NO) (N0 3 ) 3 , etc.; ruthenium-phosphine complexes; and the 
like. Preferred examples of the ruthenium compound include 

25 ruthenium halides, for example, ruthenium chlorides such as 
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RuCl 3 , RuCl 3 hydrate, etc., and ruthenium bromides such as 
RuBr 3/ RuBr 3 hydrate, etc. More preferably, ruthenium 
chloride hydrate is used. 

The process for supporting the ruthenium compound on 
5 the carrier includes an impregnation process, an 
equilibrium adsorption process, etc. 

Next, the calcining step is explained. 

In the calcining step, the ruthenium compound- 
supported one, which is obtained in the previous ruthenium 
10 compound-supporting step, is calcined at a temperature of 
at least 200°C in an atmosphere selected from the group 
consisting an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere. 

Examples of the inert gas include nitrogen, helium, 
15 etc. Examples of the oxidizing gas include air, oxygen, a 
mixture of nitrogen and oxygen, etc. Examples of the 
reducing gas include hydrogen, a mixture of hydrogen and 
nitrogen, etc. 

In this step, the ruthenium compound-supported one is 
20 dried, and then the ruthenium compound is fixed on the 
carrier, so that the ruthenium compound can be stably 
treated in the subsequent hydrazine- treating step. 

When the catalyst produced by the process including 
this calcination step is compared with a catalyst produced 
25 by the same process but including no calcination step, the 
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treatment with hydrazine is considerably stably conducted, 
so that the catalytic activity increases. Preferably, the 
ruthenium compound- supported one is calcined in the 
oxidizing gas atmosphere, more preferably, under air. 
5 Hereinafter, the hydrazine-treating step is explained. 

The hydrazine-treating step includes that the calcined 
one from the previous calcination step is treated with 
hydrazine by dipping the calcined one in a mixed solution 
of hydrazine and an alkali, or impregnating the calcined 
10 one with such a mixed solution. 

Examples of the alkali to be used include aqueous 
solutions of hydroxides, carbonates or hydrogen carbonates 
of alkali metals, ammonia, ammonium carbonate, ammonium 
hydrogen carbonate, etc.; solutions of these alkali 
15 compounds in organic solvents such as alcohol; and the like 
Preferred examples of the alkali include hydroxides, 
carbonates and hydrogen carbonates of alkali metals. 
Preferred examples of the solvent include water. 

In addition, except treating with hydrazine, another 
20 preferred method is exemplified. Another preferred method 
comprises reducing the calcined one from the calcination 
step, in a liquid phase. 

Examples of reducing agents include methanol or 
formaldehyde; aqueous solutions and organic solvent 
25 solutions of methanol or formaldehyde; hydrogen; boron 
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hydride compounds such as NaBH 4 , Na 2 B 2 H 6 / Na2B 4 H 10 , Na 2 B 5 H 9 , 
LiBH 4 , K 2 B 2 H 6/ K 2 B 4 H 10 , K 2 B 5 H 9 , A1(BH 4 ) 3 , etc.; organometall ic 
boron hydride compounds such as LiB [CH (CH 3 ) C 2 H 5 ] 3 H, 
LiB (C 2 H 5 ) 3 H, KB [CH (CH 3 ) C 2 H 5 ] 3 H, KB [CH (CH 3 ) CH (CH 3 ) 2 ] 3 H, etc. ; 
5 metal harides such as LiAlH, NaH, LiH, KH, etc.; 

organoaluminum compounds such as [ (CH 3 ) 2 CHCH 2 ] 2 A1, etc.; 
organolithium compounds; organosodium compounds ; 
organopotassium compounds; organomagnesium, compounds; and 
the like. 

10 It is also preferable to add an alkali metal chloride 

after the treatment with hydrazine or the reducing agent. 

The oxidizing process includes a process comprising 
calcining the treated one under air. 

A weight ratio of ruthenium oxide to the carrier is 
15 preferably from 0.1:99.9 to 20.0:80.0, more preferably from 
0.5:99.5 to 15.0:85.0, in particular from 1.0:99.0 to 
15.0:85.0. 

When the ratio of ruthenium oxide is too low, the 
activity of the produced catalyst may decrease. When the 
20 ratio of ruthenium oxide is too high, the cost of the 
catalyst may increase. 

Ruthenium oxide is preferably ruthenium dioxide or 
ruthenium oxide hydrates. Alternatively, ruthenium 
hydroxide may be used as a precursor of ruthenium oxide. 
25 A preferable example of the process for preparing the 
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supported ruthenium oxide catalyst (3) of the first aspect 
of the present invention is a process comprising^ the steps 
of: 

supporting a ruthenium halide on a carrier, 
5 calcining the supported one at a temperature of at 

least 200°C in an atmosphere selected from the group 
consisting of an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere, 

treating the calcined one with a mixed solution of 
10 hydrazine and an alkaline compound, 
and 

oxidizing the hydrazine- treated one. 

A more preferable example of the process for preparing 
the supported ruthenium oxide catalyst (3) of the first 
15 aspect of the present invention is a process comprising the 
steps of: 

supporting a ruthenium halide on a carrier, 

calcining the supported one at a temperature of at 
least 200°C in an atmosphere selected from the group 
20 consisting of an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere, 

treating the calcined one with a mixed solution of 
hydrazine and an alkaline compound, 

adding an alkali metal halide to the hydrazine-treated 

25 one, 
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and 

oxidizing the alkali metal halide-added one. 
In the first step of the above preferred embodiment, a 
ruthenium halide is supported on a carrier. 
5 As the ruthenium halides, those exemplified in the 

above may be used. Among them, ruthenium chlorides such as 
RuCl 3/ RuCl 3 hydrate and ruthenium bromide such as RuBr 3 , 
RuBr 3 hydrate are preferred. In particular, ruthenium 
chloride hydrate is preferred. 
10 The amount of the ruthenium halide to be used in the 

step for supporting the ruthenium halide on the carrier is 
an amount satisfying a preferred weight ratio of ruthenium 
oxide to the carrier. 

The ruthenium halide may be supported on the carrier 
15 by impregnating the catalyst carrier, which is explained in 
the above, with the solution of the ruthenium halide, or 
supporting the ruthenium halide on the carrier by the 
equilibrium absorption . 

As a solvent, water or an organic solvent such as an 
20 alcohol is used. Preferably, water is used. 

Next, the impregnated carrier may be dried or may not 
be dried. Preferably, it is dried. This drying is carried 
out to remove the solvent from the impregnated solution of 
the ruthenium halide, and it has the different purpose from 
25 the subsequent calcination and should be distinguished from 
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the calcination which is done in the subsequent step. 

In the calcination step, the carrier supporting the 
ruthenium halide is calcined at a temperature of at least 
200°C in an atmosphere selected from the group consisting 
an oxidizing gas atmosphere, an inert gas atmosphere and a 
reducing gas atmosphere. 

Examples of the inert gas include nitrogen, helium, 
etc. Examples of the oxidizing gas include air, oxygen, a 
mixture of nitrogen and oxygen, etc. Examples of the 
reducing gas include hydrogen, a mixture of hydrogen and 
nitrogen, etc. 

Preferably, the calcination is carried out in the 
oxidizing gas atmosphere. More preferably, the calcination 
is carried out under air. 

The calcination temperature is at least 200°C. 
However, when the calcination temperature is too high, the 
supported ruthenium halide is sintered, so that the 
activity of the resulting catalyst tends to decrease. Thus 
the calcination temperature is preferably from 200 to 350°C 
more preferably from 200 to 300°C. 

In the hydrazine-treating step, the product from the 
calcination step is treated with the mixed solution of 
hydrazine and an alkali. The treatment with the mixed 
solution of hydrazine and the alkali can be carried out by 
dipping the calcined one in such a mixed solution, or 
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impregnating the carrier with such a mixed solution. 

The concentration of hydrazine used in the hydrazine- 
treating step is preferably at least 0.1 mol/1. Hydrazine 
is used in the form of a solution in water or an organic 
5 solvent such as an alcohol, while hydrazine hydrate such as 
hydrazine monohydrate may be used as such. Preferably, the 
aqueous solution of hydrazine, or hydrazine hydrate is used. 
Hydrazine may be anhydrous hydrazine or hydrazine hydrate. 
A molar ratio of the ruthenium halide to hydrazine is 

10 preferably from 1:0.1 to 1:20. In the case of sodium 

hydroxide, 3 moles of sodium haydroxide per one mole of the 
ruthenium halide is an equimolar amount. Preferably, the 
alkali is used in the amount of 0.1 to 20 equivalent per 
equivalent of ruthenium halide. 

15 The concentration of the alkali varies with the kind 

of the alkali, and is preferably from 0.1 to 10 mol/1. 

The time to dip the calcined product in the mixed 
solution of hydrazine and the alkali is preferably from 5 
minutes to 5 hours. The dipping temperature is preferably 

20 from 0 to 100°C, more preferably from 10 to 60°C* After 
dipping, the treated product is filtrated to separate the 
solution . 

In a preferred embodiment of the above process, the 
product from the hydrazine-treating step is washed with 
25 water to remove the alkali and hydrazine, dried, and then 
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added with an alkali metal chloride in the subsequent step 
to add the alkali metal chloride, followed by drying and 
oxidizing . 

In a more preferred embodiment/ the product from the 
5 hydrazine-treating step is washed with an aqueous solution 
of an alkali metal chloride, dried and then oxidized. In 
this embodiment, the removal of the alkali and hydrazine 
and the addition of the alkali metal chloride can 
preferably be carried out in the same step. 

10 In the alkali metal chloride-adding step, the alkali 

metal chloride is added to the product from the hydrazine- 
treating step. This step may not be essential to the 
preparation of the supported ruthenium oxide catalyst, but 
this step can further increase the activity of the catalyst. 

15 That is, in the subsequent oxidizing step, the hydrazine- 
treated catalyst is oxidized in the presence of the alkali 
metal chloride to obtain the supported ruthenium oxide 
catalyst having the higher activity. 

Examples of the alkali metal chloride include 

20 potassium chloride, sodium chloride, etc. Preferably, 
potassium chloride or sodium chloride is used, and more 
preferably potassium chloride is used. 

A molar ratio of the alkali metal chloride to 
ruthenium is preferably from 0.01:1 to 10:1, more 

25 preferably from 0.1:1 to 5.0:1. When the amount of the 
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alkali metal chloride is too small, the catalyst having the 
sufficiently high activity may not be obtained. When the 
amount of the alkali metal chloride is too large, the 
production cost of the catalyst increases in the industrial 
5 production. 

To add the alkali metal chloride, the hydrazine- 
treated ruthenium catalyst, which has been washed and dried, 
is impregnated with the aqueous solution of the alkali 
metal chloride. More preferably, the hydrazine-treated 
10 ruthenium catalyst is washed with the aqueous solution of 
the alkali metal chloride instead of water and impregnated 
with the same aqueous solution. 

It may be possible to add hydrochloric acid to the 
aqueous solution of the alkali metal chloride to adjust pH 
15 in the course of washing of the catalyst. 

The concentration of the aqueous solution of the 
alkali metal chloride is preferably from 0.01 to 10 mol/1, 
more preferably from 0.1 to 5 mol/1. 

The purpose of the washing is to remove the alkali and 
20 hydrazine, although the alkali and hydrazine may remain on 
the catalyst to the extent that the effects of the present 
invention are not impaired. 

After the impregnation of the alkali metal chloride, 
the catalyst is usually dried. Preferably, the drying 
25 conditions include a temperature of 50 to 200°C, and a time 
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of 1 to 10 hours. 

The oxidation step is a step for oxidizing the product 
from the hydrazine-treating step (when the step to add the 
alkali metal chloride is not used) , or a step for oxidizing 
5 the product from the alkali metal chloride-adding step 

(when the step to add the alkali metal chloride is used) . 

It is a preferable preparation example to convert it 
into highly active supported ruthenium oxide by calcining 
one treated with the alkali and hydrazine in the presence 
10 of an alkali metal salt, in a gas containing oxygen. An 
example of the oxygen-containing gas is usually an air. 

The calcination temperature is preferably from 100 to 
600°C, more preferably from 280 to 450°C. When the 
calcination temperature is too low, many particles 
15 generated by the treatment with hydrazine may remain in the 
form of a ruthenium oxide precursor and thus the obtained 
catalyst may have an insufficient activity. When the 
calcination temperature is too high, the ruthenium oxide 
particles tend to agglomerate, so that the catalytic 
20 activity deteriorates. 

The calcination time is preferably from 30 minutes to 
10 hours. 

In this step, it is preferable and important to carry 
out the calcination in the presence of the alkali metal 
25 chloride. By this method, ruthenium oxide having a smaller 
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particle size is obtained, so that the higher catalytic 
activity is achieved than a catalyst prepared by the 
calcination substantially in the absence of the alkali 
metal chloride. 

5 By the calcination, the particles supported on the 

carrier, which have been generated by the treatment with 
hydrazine, are converted to the supported ruthenium oxide 
catalyst . 

The conversion of the particles generated by the 
10 treatment with hydrazine to ruthenium oxide can be 

confirmed by an analysis such as X-ray diffraction, XPS (X- 
ray photoelectron spectroscopy), etc. 

In the particles generated by the treatment with 
hydrazine, preferably, substantially all the particles are 
15 converted to ruthenium oxide, although some particles may 
remain unconverted insofar as the effects of the present 
invention are not impaired. 

In addition, in a preferred embodiment, after the 
oxidation step, the catalyst is washed with water to remove 
20 the residual alkali metal chloride, and dried. It is 

preferable to thoroughly wash off the alkali metal chloride 
which is present in the oxidation step. 

The residual amount of the alkali metal chloride after 
washing can be measured by adding an aqueous solution of 
25 silver nitrate and checking the formation of white 
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turbidity* The alkali metal chloride may remain in the 
catalyst to an extent such that the activity of the 
catalyst of the present invention may not be deteriorated- 

Preferably, the washed catalyst is dried* Preferably, 
5 the drying conditions include a temperature of 50 to 200°C, 
and a time of 1 to 10 hours. 

The supported ruthenium oxide catalyst, which is 
prepared by the above-described process has a high activity 
and is more active than a catalyst prepared by reducing 
10 ruthenium chloride with hydrogen and oxidizing it. 

Furthermore, the catalyst, which is obtained by pretreating 
the ruthenium compound with the alkali, treating the 
product with hydrazine, and then oxidizing the hydrazine- 
treated product, has a higher activity than a catalyst 
15 prepared by treating ruthenium chloride with hydrazine and 
oxidizing the hydrazine- treated product. 

Hereinafter, the process for producing the supported 
ruthenium oxide catalyst or a supported ruthenium chloride 
catalyst of the second aspect of the present invention is 
20 explained. 

The process (1) of the second aspect of the present 
invention comprises the steps of: 

supporting a ruthenium compound on a carrier 
consisting of titanium oxide which contains the rutile 
25 crystal form, and which is obtained by calcination at a 
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temperature of at least 550°C, and 

calcining said supported one in an atmosphere selected 
from the group consisting of an oxidizing gas atmosphere, 
an inert gas atmosphere and a reducing gas atmosphere. 
5 The detailed explanation of this process is already 

made in connection with the catalyst (1) of the first 
aspect of the present invention. 

Next, the process (2) of the second aspect of the 
present invention comprises the steps of: 
10 supporting a ruthenium compound on a carrier, 

calcining said supported one at a temperature of at 
least 200°C in an atmosphere selected from the group 
consisting of an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere, 
15 treating said calcined one with a mixed solution of 

hydrazine and an alkaline compound, 
and 

oxidizing said hydrazine-treated one 
wherein said supported ruthenium oxide catalyst has a 
20 carbon monoxide adsorption amount of at least 87.5 ml per 
one gram of ruthenium contained in the catalyst, which is 
measured by the following steps of: 

reducing 0.1 g of said catalyst at 220°C for 60 
minutes with flowing a hydrogen gas at a flow rate of 50 
25 ml/min. under atmospheric pressure, and 
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conducting a metal surface area measuring method 
according to a carbon monoxide pulse. 

The detailed explanation of this process is already 
made in connection with the catalysts (2) and (3) of the 
5 first aspect of the present invention. 

The process (3) of the second aspect of the present 
invention comprises the steps of: 

supporting a ruthenium compound on a carrier, 

calcining said supported one at a temperature of at 
10 least 200°C in an atmosphere selected from the group 

consisting of an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere, 

treating said calcined one with a mixed solution of 
hydrazine and an alkaline compound, 
15 and 

oxidizing said hydrazine-treated one. 

The detailed explanation of this process is already 
made in connection with the catalyst (3) of the first 
aspect of the present invention. 
20 The process (4) of the second aspect of the present 

invention comprises the steps of: 

supporting a ruthenium compound on a carrier, 

and 

calcining said supported one in an atmosphere selected 
25 from the group consisting of an oxidizing gas atmosphere, 
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an inert gas atmosphere and a reducing gas atmosphere, 
wherein, when the peak intensity ratio of the produced 
catalyst and that of the catalyst after a 50 hours reaction 
test, which are measured by an extended X-ray absorption 
5 fine structure analysis (EXAFS) method, are A(b) and B(b) 
respectively, the peak intensity ratios A(b) and B (b) 
satisfy the following equation (1) : 

1 < B(b) /A(b) < 1.45 (1) 
provided that A(b) < 0.8, 
10 wherein A(b) is a peak intensity ratio of as-produced 

Catalyst b measured by the EXAFS method, and B(b) is a peak 
intensity ratio of Catalyst b measured by the EXAFS method 
after the 50 hours reaction test; 
in which 

15 the 50 hours reaction test is carried out by filling 

supported ruthenium oxide Catalysts a and b in a reactor in 
this order from the inlet of the reactor in a weight ratio 
of 1:10 (Catalyst a to Catalyst b) , and supplying, under 
atmospheric pressure, a hydrogen chloride gas at a flow 

20 rate of 0.185 to 0.197 mol/g-cat . hr . while supplying an 

oxygen gas at a flow rate of 0.092 to 0.098 mol/g-cat . hr . 
to carry out the reaction for 50 hours while maintaining 
the hot spot of Catalyst b at 360°C±1°C, wherein Catalyst a 
is a catalyst having a chlorine formation activity per unit 

25 mass of catalyst of 2 x 10" 4 to 3 x 10~ 4 mol/min . g-cat . , 
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which is obtained in a reaction test for forming chlorine 
by oxidizing hydrogen chloride with oxygen at 300°C with a 
molar ratio of hydrogen chloride to oxygen being 1:1, and 
Catalyst b is a supported ruthenium oxide Catalyst produced 
5 by the above process, 
and in which 

EXAFS method: Catalyst b is measured by an X-ray 
absorption fine structure analysis (XAFS) method at the Ru- 
K absorption edge, and the peak intensity of the catalyst 

10 is evaluated by the peak around 0.32 nm in a radial 
distribution function obtained by the Fourier 
transformation of the EXAFS spectrum, wherein the peak 
intensity corresponds to the number of the second nearest 
neighbor ruthenium atoms of the X-ray absorbing ruthenium 

15 atoms in ruthenium dioxide, and the peak intensity ratio of 
the catalyst is calculated by dividing the peak intensity 
of the catalyst by that of ruthenium oxide having a 
particle size of at least 10 nm. 

The reaction test for forming chlorine, which is 

20 carried out by oxidizing hydrogen chloride with oxygen at 
300°C with a molar ratio of hydrogen chloride to oxygen 
being 1:1, may be conducted as follows: 

The supported ruthenium oxide catalyst (2.5 g) is well 
mixed with a commercially sold spherical a-alumina carrier 

25 having a diameter of 2 mm (SSA 995 manufactured by NIKKATO 

i 
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Co., Ltd.) (10 g) to dilute the catalyst, and then charged 
in a quartz reactor tube having an inner diameter of 12 mm. 
In the reactor tube, hydrogen chloride gas and oxygen gas 
are supplied at flow rates of 192 ml/min. and 192 ml/min., 
5 respectively (each converted to a volume at 0°C under 1 
atm. ) 

The quartz reactor tube is heated with an electric 
furnace to adjust the internal temperature (hot spot) to 
300°C. 

10 When 2 hours lapses from the start of the reaction, 

the gas from the outlet of the reactor tube is sampled by 
passing it through an aqueous 30 mass % potassium iodide 
solution, and the amount of chlorine formed and the amount 
of unreacted hydrogen chloride are determined by iodometric 

15 titration and neutralization titration, respectively. 

Then, a chlorine formation activity per unit mass of 
the catalyst is calculated according to the following 
equation : 

Chlorine formation activity (mol/min. g-cat . ) = 
20 Amount of outlet chlorine formed per unit time (mol/min.)/ 

weight of catalyst (g) 

Furthermore, it has been found that the peak intensity 

ratio of the supported ruthenium oxide catalyst, which is 

explained below, corresponds to the structure of ruthenium 
25 oxide supported on the carrier and correlates with the 
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catalyst activity. The peak intensity ratio is obtained by 
dividing the peak intensity corresponding to the number of 
the second nearest neighbor ruthenium atoms of the X-ray 
absorbing ruthenium atoms in ruthenium dioxide carried on 
5 the support which is measured by the EXAFS method (a 

numerator) by the peak intensity of ruthenium oxide having 
a particle size of at least 10 nm (a denominator) . 

That is, when the peak intensity ratio of the spectrum 
corresponding to the number of the second nearest neighbor 

10 ruthenium atoms of ruthenium atoms in ruthenium dioxide, 

which is obtained from the peak intensity around 0.32 nm in 
a radial distribution function, is used and the form of 
ruthenium dioxide is assumed, the size of the ruthenium 
dioxide block can be obtained. In this case, the 

15 preferable size of the ruthenium dioxide block depends on 
the assumed form of ruthenium dioxide . When the peak 
intensity ratio is calculated with the peak intensity of 
the spectrum corresponding to the number of the second 
nearest neighbor ruthenium atoms of ruthenium atoms in 

20 ruthenium dioxide being a numerator, and the peak intensity 
of ruthenium oxide having the particle size of 10 nm or 
more being a denominator, the peak intensity ratio of 0.8 
or less correspond to the size of the ruthenium dioxide 
block desirable for the supported ruthenium oxide catalyst 

25 of the present invention. 
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Furthermore, when the peak intensity ratio of the 
catalyst prior to the reaction is compared with that of the 
catalyst after the reaction, the change of the size of the 
ruthenium dioxide block can be monitored, and thus the 
5 progress of the sintering of ruthenium oxide on the carrier 
can be measured. 

That is, in one preferred embodiment, the present 
invention provides a process for producing a catalyst in 
which the ratio of the above defined peak intensity ratio 
10 before the reaction to that after the reaction is 1.45 or 
less. The specific procedures of such a process will be 
explained below. 

One of the characteristics of the catalyst according 
to the present invention is that ruthenium oxide is less 
15 sintered when the above-defined specific ruthenium oxide 
catalyst is used in the production process of the desired 
product, that is, chlorine using a supported ruthenium 
oxide catalyst. 

In the present invention, the above-defined ratio 
20 B(b)/A(b) is preferably 1.40 or less, more preferably 1.25 
or less. A(b) is preferably 0.7 or less. 

Here, a general procedure of the X-ray absorption fine 
structure analysis (XAFS) method is explained. The 
principle and analysis method of XAFS are described in 
25 detail in, for example, X-Ray Absorption. Principles, 
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Applications, Techniques of EXAFS, SEXAFS and XANES" edited 
by D.C. Koningsberger and R. Prins (1988). 

When a material is placed on a beam line of X-ray, an 
X-ray absorbanace of the material is calculated from the 
intensity of the irradiated X-ray (incident X-ray: 10) and 
the intensity of X-ray which passes through the material 
(transmitted X-ray: It) „ When an X-ray absorption spectrum 
is recorded while the energy of X-ray is changed with 
monitoring the increase or decrease of the X-ray absorbance, 
an abrupt standing of the X-ray absorbance (absorption 
edge) is observed at a certain X-ray energy level. Fine 
oscillatory structures, which appear in the range on the 
high energy side that is about 30 to 1,000 eV higher than 
the energy of the absorption edge, are extended X-ray 
absorption fine structures. The fluctuation of the X-ray 
absorption probability is caused by the interference 
between photoelectron waves emitted from the absorbing atom 
by the absorption of X-ray and photoelectron waves which 
are scattered by and returning from atoms surrounding the 
absorbing atom. Thus, the information on the local 
structure near the absorbing atom can be obtained when the 
fluctuation of the X-ray absorption probability is 
extensively analyzed. 

A radial distribution function around the X-ray 
absorbing atom is obtained, when the EXAFS spectrum, which 
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is extracted from the X-ray absorption spectrum is 
subjected to the Fourier transformation in a suitable range. 
When this radial distribution function is examined in 
detail, the position of the maximum of this function 
5 provides the information on the distance between the 

absorbing atom and the scattering atom, and the intensity 
of the maximum provides the information on the number of 
the scattering atoms. Thus, the structural information 
near the noted absorbing atom can be gathered. 

10 Hereinafter, the concrete procedures of the process 

(4) of the second aspect of the present invention will be 
explained. The process (4) comprises the steps of 
supporting a ruthenium compound on a carrier, and calcining 
said supported one in an atmosphere selected from the group 

15 consisting of an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere. 

Firstly, the step to support a ruthenium compound on a 
carrier is explained. 

As a carrier, the same carrier as that used in the 

20 process (3) of the second aspect of the present invention 
can be used. 

Titanium oxide containing rutile crystalline titanium 
oxide, which is preferably used in the present invention, 
means titanium oxide containing the rutile crystal, when 
25 the ratio of the rutile crystal to the anatase crystal in 
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titanium oxide is measured by the X-ray diffraction 
analysis. This analysis is explained in connection with 
the catalyst (1) of the first aspect of the present 
invention . 

5 Titanium oxide should contain the rutile crystal. The 

proportion of the rutile crystal is preferably at least 
10 %, more preferably at least 30 %, in particular at least 
80 %. 

In one preferred embodiment, titanium oxide contains 
10 OH groups in an amount which is explained in connection 
with the catalyst (3) of the first aspect of the present 
invention . 

The ruthenium compound to be supported on the carrier 
may be the same as those exemplified in connection with the 
15 catalyst (3) of the first aspect of the present invention. 
Preferred examples of the ruthenium compound include 
ruthenium halides, for example, ruthenium chlorides such as 
RuCl 3 , RuCl 3 hydrate, etc., and ruthenium bromides such as 
RuBr 3 , RuBr 3 hydrate, etc. More preferably, ruthenium 
20 chloride hydrate is used. 

The process for supporting the ruthenium compound on 
the carrier includes an impregnation process, an 
equilibrium adsorption process, etc. 

The calcination is preferably carried out in an air. 
25 A weight ratio of ruthenium oxide to the carrier is 



WO 01/10550 



PCT/JP00/05229 



55 

preferably from 0.1:99.9 to 20.0:80.0, more preferably from 
0.5:99.5 to 15.0:85.0, in particular from 1.0:99.0 to 
15.0:85.0. 

When the ratio of ruthenium oxide is too low, the 
activity of the produced catalyst may decrease. When the 
ratio of ruthenium oxide is too high, the cost of the 
catalyst may increase. 

Ruthenium oxide is preferably ruthenium dioxide. 
Alternatively, ruthenium hydroxide may be used as a 
precursor of ruthenium oxide* 

In one preferable embodiment of the process (4) of the 
second aspect, the catalyst is prepared by a process 
comprising the steps of: 

supporting a ruthenium halide on a carrier, 

and 

calcining the supported one at a temperature of at 
least 200°C in an atmosphere selected from the group 
consisting of an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere. 

As the ruthenium halides, those exemplified in the 
above may be used. Among them, ruthenium chlorides such as 
RuCl 3 / RuCl 3 hydrate and ruthenium bromide such as RuBr 3 , 
RuBr 3 hydrate are preferred. In particular, ruthenium 
chloride hydrate is preferred. 

In the calcining step, the ruthenium halide-supported 
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one, which is obtained in the previous ruthenium halide- 
supporting step, is calcined at a temperature of at least 
200°C in an atmosphere selected from the group consisting 
an oxidizing gas atmosphere, an inert gas atmosphere and a 
reducing gas atmosphere. 

Examples of the inert gas include nitrogen, helium, 
etc. Examples of the oxidizing gas include air, oxygen, a 
mixture of nitrogen and oxygen, etc. Examples of the 
reducing gas include hydrogen, a mixture of hydrogen and 
nitrogen, etc. Among them, the air is preferable. 

Preferably, the ruthenium halide-supported one is 
calcined and oxidized in the atmosphere containing oxygen 
to form supported ruthenium oxide having a higher activity. 
The atmosphere containing oxygen is usually the air. 

The calcination temperature is preferably from 250 to 
600°C, more preferably from 250 to 450°C, particularly 
preferably from 250 to 400°C. When the calcination 
temperature is too low, a large amount of ruthenium 
compound remains unoxidized and thus the obtained catalyst 
may have an insufficient activity. When the calcination 
temperature is too high, the ruthenium oxide particles tend 
to agglomerate, so that the catalytic activity deteriorates. 

The calcination time is preferably from 30 minutes to 
10 hours. 

Preferably, substantially all the particles, which are 
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generated in the oxidizing step are converted to ruthenium 
oxide, although some particles may remain unconverted 
insofar as the effects of the present invention are not 
impaired . 

Hereinafter, a reaction process for producing chlorine 
by oxidizing hydrogen chloride using Catalyst b to measure 
B(b) is explained. 

As a material of a test reaction tube, nickel, glass, 
quartz glass, and the like can be used. Since feed gasses 
and formed gasses are corrosive, some special cares should 
be taken when other material is used. When the catalysts a 
and b to be filled in the reactor tube have a high activity, 
the heat of reaction cannot be removed from the reaction 
tube. In such a case, each catalyst is diluted with a 
carrier such as a-alumina balls and then filled in the 
reaction tube to increase the heat-removing efficiency. 
When the heat conductivity of the catalyst layers in the 
reactor tube is insufficient, the heat of reaction is not 
removed and thus the temperature locally rises and the 
reaction temperature may not be suitably controlled so that 
the correct test may not be performed. The temperature of 
a hot spot set in the Catalyst b layer should be 360±1°C. 
In general, a temperature distribution is formed in the 
catalyst a layer and the catalyst b layer. Thus, the 
temperature in each catalyst layer is from 320 to 360°C 
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during the reaction. When the reaction temperature is too 
high, Ru0 2 , which is a catalytically active site, quickly 
agglomerates, and therefore B(b) may not be measured 
correctly- When the reaction temperature is too low, Ru0 2/ 
which is a catalytically active site, slowly agglomerates, 
and thus B(b) may not be measured correctly. When the 
reaction is carried out by taking the above points into 
account, the test results can be obtained with good 
reproducibility. 

In the preferable supported ruthenium oxide catalyst, 
.the peak intensity ratios A(b) and B (b) satisfy the 
following equation : 

1 < B (b) /A(b) < 1. 45 
in which A(b) and B(b) are the same as defined in the above 
explanation of the measuring by the EXAFS method. As 
already described, it has been found that the above peak 
intensity ratio has the relationship with the structure of 
ruthenium oxide supported on the carrier. In addition, it 
has been found that the stability of the peak intensity 
ratio, which is represented by B(b)/A(b), correlates with 
the stability of the catalytic activity, wherein A(b), B(b) 
are the peak intensity ratios measured by the EXAFS method 
as already described above. 

That is, the sintering of ruthenium dioxide in the 
catalyst is less, as the B(b)/A(b) is smaller. 
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In the case of the catalyst (3) of the first aspect of 
the present invention, the catalyst is obtained by main 
four preparation processes comprising the steps of: 
supporting process, calcining process, hydrazine-treating 
5 process and oxidizing process. In addition to these four 
process, alkali metal chloride-adding process, washing 
process and drying process were added to the catalyst 
preparation process resulted in establishing the catalyst 
preparation process which has many processes. From the 

10 viewpoint of the convenient preparation of catalysts, a 
process comprising the steps of supporting process and 
calcining process is very short catalyst preparation 
process which is comprised by two processes. The above 
process is preferred because the time of catalyst 

15 preparation is short and a preparation cost decrease. 

Moreover, the above catalysts were more active than the 
catalyst which was prepared by oxidizing the ruthenium 
catalyst prepared by hydrogenat ion of supported ruthenium 
chloride on a carier by hydrogen. 

20 Next, the process (5) of the second aspect of the 

present invention is explained. This process comprises the 
following steps but not a treating step with hydrazine: 

supporting a ruthenium compound on a titanium oxide 
carrier containing the rutile crystal form, 

2 5 and 
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calcining said supported one at a temperature of 200°C 
to 600°C in an atmosphere selected from the group 
consisting of an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere. 
5 In one preferred embodiment of the process (5), the 

catalyst is prepare by a process comprising the following 
steps but not a treating step with hydrazine: 

supporting a ruthenium compound on a carrier, 

and 

10 calcining said supported one in an atmosphere selected 

from the group consisting of an oxidizing gas atmosphere, 
an inert gas atmosphere and a reducing gas atmosphere, 
wherein the catalytic activity value of the produced 
catalyst and the catalytic activity value of the catalyst 

15 after 50 hours reaction test, which are measured by a 
catalytic activity test which is defined below, are 
respectively C(b) and D(b), and which satisfy the following 
equation (2) : 

0.79 < D(b)/C(b) < 1 (2) 

20 provided that C (b) > 3.0X10* 4 mol/min- g-cat 

wherein C(b) is a catalytic activity value of the produced 
catalyst b, which is measured by the catalytic activity 
test and D(b) is a catalytic activity value of the catalyst 
b, which is measured by the catalytic activity test after a 

25 50 hours reaction test; 
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in which 

the 50 hours reaction test is carried out by filling 
supported ruthenium oxide Catalysts a and b in a reactor in 
this order from the inlet of the reactor in a weight ratio 
5 of 1:10 (Catalyst a to Catalyst b) , and supplying, under 
atmospheric pressure, a hydrogen chloride gas at a flow 
rate of 0.185 to 0.197 mol/g-cat.hr. while supplying an 
oxygen gas at a flow rate of 0.092 to 0.098 mol/g-cat.hr. 
to carry out the reaction for 50 hours while maintaining 

10 the hot spot of Catalyst b at 360°C±1°C, wherein Catalyst a 
is a catalyst having a chlorine formation activity per unit 
mass of catalyst of 2 x 10~ 4 to 3 x 10~ 4 mol/min . g-cat . , 
which is obtained in a reaction test for forming chlorine 
by oxidizing hydrogen chloride with oxygen at 300°C with a 

15 molar ratio of hydrogen chloride to oxygen being 1:1, and 
Catalyst b is a supported ruthenium oxide catalyst 
produced by the above process, 
and in which 

Catalytic activity test: 2.3 to 2.5 grams of a 

20 catalyst is diluted by mixing with 10 to 20 g of a 

spherical a-alumina carrier having a diameter of 2 mm, and 
filled in a quartz reactor tube having an inner diameter of 
12 mm, then a hydrogen chloride gas and an oxygen gas are 
supplied in the reactor under atmospheric pressure at flow 

25 rates of 190 to 210 ml/min. and 190 to 210 ml/min., 
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respectively (both volumes being converted to those at 0°C 
under 101 kPa) while heating the reactor in an electric 
furnace and maintaining the internal temperature (hot spot) 
at 300±1°C / after 2.0±1.0 hours from the start of the 
5 reaction, an exit gas from the reactor is sampled by 
passing it through a 30 mass % aqueous solution of 
potassium iodide, the amount of formed chlorine and the 
amount of unreacted hydrogen chloride are measured by an 
iodine titration method and a neutralization titration 

10 method, respectively, and thereafter a chlorine formation 

activity per unit mass of the catalyst is calculated by the 
following equation and used as a catalyst activity: 
Chlorine formation activity per unit mass of the catalyst 
(mol/min . g-cat . ) = 

15 Amount of chlorine gas from reactor exit (mol/min.)/ 
catalyst weight (g) . 

Hereinafter, the concrete procedures of the process 
(5) of the second aspect of the present invention will be 
explained . 

20 The ruthenium compound may be supported on the carrier 

by the same supporting method as that explained in 
connection with the processes (3) and (4) of the second 
aspect of the present invention. The carrier may be a 
titanium oxide carrier containing the rutile crystal, which 

25 is explained in connection with the catalyst (1) of the 
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first aspect of the present invention. 

The calcination step may be carried out in the same 
way as that explained in connection with the process (4) of 
the second aspect of the present invention* That is, this 
5 process is characterized in that the ruthenium compound- 
supported one is calcined at a temperature of 200 to 600°C 
and carried out in an oxidizing gas atmosphere, an inert 
gas atmosphere or a reducing gas atmosphere. 

The preferable calcination temperature may be the same 
10 as that explained in connection with the process (4) of the 
second aspect of the present invention. 

The catalyst prepared by the process (5) is 
characterized in that it suffers from less deactivation in 
the catalytic activity test when the 50 hours reaction test 
15 is carried out at a temperature of 360±1°C. That is, the 

D(b)/C(b) ratio, which is defined in the above, is at least 
0.79, preferably at least 0.81, more preferably at least 
0.84. 

C(b) is usually at least 3.0, preferably at least 3.5. 
20 The supported ruthenium oxide catalyst prepared by the 

process (4) has a high catalytic activity. 

The process (6) of the second aspect of the present 
invention comprises the following steps but neither a 
calcining step nor a treating step with hydrazine: 
25 supporting a ruthenium halide on a titanium oxide 
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carrier containing the rutile crystal form, 
and 

drying said supported one in an atmosphere selected 
from the group consisting of an oxidizing gas atmosphere, 
5 an inert gas atmosphere and a reducing gas atmosphere at a 
temperature of 20°C to less than 200°C. 

In one preferable embodiment of the process (6) of the 
second aspect of the present invention, the catalyst is 
prepared by a process copmrising the following steps but 
10 neither a calcining step nor a treating step with 
hydrazine : 

supporting a ruthenium halide on a titanium oxide 
carrier containing the rutile crystal form, 
and 

15 drying said supported one in an atmosphere selected 

from the group consisting of an oxidizing gas atmosphere, 
an inert gas atmosphere and a reducing gas atmosphere at a 
temperature of 20°C to less than 200°C, 

wherein the catalytic activity value of the produced 
20 catalyst and the catalytic activity value of the catalyst 
after 50 hours reaction test, which are measured by a 
catalytic activity test which is defined below, are 
respectively E(b) and F(b), and which satisfy the following 
equation (3) ; 
25 0.80 < F(b)/E(b) < 1-20 (3) 
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provided that E(b) > 3.0 x 10" 4 mol/min . g-cat . , 
in which 

50 Hours reaction test: Supported ruthenium oxide 
Catalysts a and b are filled in a reactor in this order 
5 from the inlet of the reactor in a weight ratio of 1:10 

(Catalyst a to Catalyst b) , and a hydrogen chloride gas is 
supplied under atmospheric pressure at a flow rate of 0.185 
to 0.197 mol/g-cat.hr. while supplying an oxygen gas at a 
flow rate of 0.092 to 0.098 mol/g-cat.hr. to carry out the 

10 reaction for 50 hours while maintaining the hot spot of 

Catalyst b at 360°C±1°C, in which Catalyst a is a supported 
ruthenium oxide catalyst having a chlorine formation 
activity per unit mass of the catalyst of 2 x 10" 4 to 3 x 
10~ 4 mol/min.g-cat . , which is obtained in a reaction test 

15 for forming chlorine by oxidizing hydrogen chloride with 

oxygen at 300°C with a molar ratio of hydrogen chloride to 
oxygen being 1:1, and Catalyst b is a supported ruthenium 
oxide catalyst produced by the above process, 
and in which 

20 Catalytic activity test: 2.3 to 2.5 grams of a 

catalyst is diluted by mixing with 10 to 20 g of a 
spherical a-alumina carrier having a diameter of 2 mm, and 
filled in a quartz reactor tube having an inner diameter of 
12 mm, then a hydrogen chloride gas and an oxygen gas are 

25 supplied in the reactor under atmospheric pressure at flow 
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rates of 190 to 210 ml/min. and 190 to 210 ml/min. 
respectively (both volumes being converted to those at 0°C 
under 101 kPa) while heating the reactor in an electric 
furnace and maintaining the internal temperature (hot spot) 
5 at 300±1°C, after 2.0+1.0 hours from the start of the 
reaction, an exit gas from the reactor is sampled by 
passing it through a 30 mass % aqueous solution of 
potassium iodide, the amount of formed chlorine and the 
amount of unreacted hydrogen chloride are measured by an 

10 iodine titration method and a neutralization titration 

method, respectively, and thereafter a chlorine formation 
activity per unit mass of the catalyst is calculated by the 
following equation and used as a catalyst activity: 
Chlorine formation activity per unit mass of the catalyst 

15 (mol/min . g-cat . ) = 

Amount of chlorine gas from reactor exit (mol/min.)/ 
catalyst weight (g) . 

The catalyst prepared by the process (6) is 
characterized in that it suffers from less deactivation in 

20 the catalytic activity test when the 50 hours reaction test 
is carried out at a temperature of 360±1°C. That is, the 
F(b)/E(b) ratio, which is defined in the above, is at least 
0.80, preferably at least 0.83, more preferably at least 
0.85. 

25 E (b) is usually at least 3.0, preferably at least 3.5. 
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Hereinafter, the concrete procedures of the process 
(6) of the second aspect of the present invention will be 
explained. 

Firstly, the step to support the ruthenium halide on 
5 the carrier is explained. The carrier may be the same as 

that exemplified in connection with the catalyst (1) of the 
first aspect of the present invention. That is, titanium 
oxide containing rutile crystalline titanium oxide, which 
is preferably used in the present invention, means titanium 

10 oxide containing the rutile crystal, when the ratio of the 
rutile crystal to the anatase crystal in titanium oxide is 
measured by the X-ray diffraction analysis. This analysis 
is explained in connection with the catalyst (1) of the 
first aspect of the present invention. 

15 Titanium oxide should contain the rutile crystal. The 

proportion of the rutile crystal is preferably at least 
10 %, more preferably at least 30 %, in particular at least 
80 %. 

As the ruthenium halides, those exemplified in the 
20 connection with the catalyst (3) of the first aspect of the 
present invention may be used. Preferable examples of the 
ruthenium halides include ruthenium chlorides such as RuCl 3 , 
RuCl 3 hydrate; ruthenium bromide such as RuBr 3 , RuBr 3 
hydrate; and ruthenium oxychlorides such as Ru 2 OCl 4 , Ru 2 OCl 5 . 
25 In particular, ruthenium chloride hydrate is preferred. 
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That is, in the present invention, ruthenium (III) chloride, 
ruthenium (III) chloride hydrate or a compound obtained by 
dissolving ruthenium (III) chloride hydrate in water and 
spontaneously hydrolyzing it may be used. Furthermore, 
ruthenium (III) bromide, ruthenium (III) bromide hydrate or 
a compound obtained by dissolving ruthenium (III) bromide 
hydrate in water and spontaneously hydrolyzing it may be 
used. More preferably, ruthenium chloride hydrate is used. 

The process for supporting the ruthenium halide on the 
carrier includes an impregnation process, an equilibrium 
adsorption process, etc. 

The carrier supporting the ruthenium halide is dried 
under air or nitrogen. 

A weight ratio of ruthenium oxide to the carrier is 
preferably from 0.15:99.85 to 31.2:68.8, more preferably 
from 0.8:99.2 to 23.4:76.6, particularly preferably from 
1.6:98.4 to 23.4:76.6. When the ratio of ruthenium halide 
is too low, the activity of the produced catalyst may 
decrease. When the ratio of ruthenium halide is too high, 
the cost of the catalyst may increase. 

In the drying step, the carrier supporting the 
ruthenium halide is dried at a temperature of 20 to 200°C 
in an oxidizing gas atmosphere, an inert gas atmosphere or 
a reducing gas atmosphere. Examples of the inert gas 
include nitrogen, helium, etc. Examples of the oxidizing 
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gas include air, oxygen, a mixture of nitrogen and oxygen, 
etc. Examples of the reducing gas include hydrogen, a 
mixture of hydrogen and nitrogen, etc. Preferably, the 
drying is carried out in the air or nitrogen. 

The drying temperature is preferably from 25 to 200 °C, 
more preferably from 60 to 200°C, particularly preferably 
from 60 to 150°C. The drying temperature is maintained in 
a specific range, since a part of the ruthenium halide is 
converted to ruthenium oxide as the drying temperature 
rises. When the drying temperature is too low, most of 
water is not evaporated and remains on the carrier, and 
thus the handling of the catalyst may become difficult. 
When the drying temperature is too high, a part of the 
ruthenium halide is converted to ruthenium oxide. 

The drying time is preferably from 30 minutes to 10 
hours . 

Hereinafter, a reaction process for producing chlorine 
by oxidizing hydrogen chloride using Catalyst b to measure 
F(b) is explained. 

As a material of a test reaction tube, nickel, glass, 
quartz glass, and the like can be used. Since reaction 
gasses and formed gasses are corrosive, some special cares 
should be taken when other material is used. When the 
catalysts a and b to be filled in the reactor tube have a 
high activity, the heat of reaction cannot be removed from 
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the reaction tube. In such a case, each catalyst is 
diluted with a carrier such as a-alumina balls and then 
filled in the reaction tube to increase the heat-removing 
efficiency. When the heat conductivity of the catalyst 
layers in the reactor tube is insufficient, the heat of 
reaction is not removed and thus the temperature locally 
rises and the reaction temperature may not be suitably 
controlled so that the correct test may not be performed. 
The temperature of a hot spot set in the Catalyst b layer 
should be 360±1°C. In general, a temperature distribution 
is formed in the catalyst a layer and the catalyst b layer. 
Thus, the temperature in each catalyst layer is from 320 to 
360°C during the reaction. When the reaction temperature 
is too high, the ruthenium compound, which is a 
catalytically active site, quickly agglomerates, and 
therefore F(b) may not be measured correctly. When the 
reaction temperature is too low, the ruthenium compound, 
which is a catalytically active site, slowly agglomerates, 
and thus F(b) may not be measured correctly. When the 
reaction is carried out by taking the above points into 
account, the test results can be obtained with good 
reproducibility. 

In the case of the catalyst (3) of the first aspect of 
the present invention, the catalyst is obtained by main 
four preparation processes comprising the steps of: 
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supporting process, calcining process, hydrazine-treating 
process and oxidizing process. In addition to these four 
process, alkali metal chloride-adding process, washing 
process and drying process were added to the catalyst 
preparation process resulted in establishing the catalyst 
preparation process which has many processes. From the 
viewpoint of convenient preparation of catalysts, a process 
comprising the steps of: supporting process and drying 
process is very short catalyst preparation process which is 
comprised by two processes. The above process is preferred 
because the time of catalyst preparation is short and a 
preparation cost decrease. Moreover, the above catalysts 
were more active than the catalyst which was prepared by 
oxidizing the ruthenium catalyst prepared by hydrogenation 
of supported ruthenium chloride on a carrier by hydrogen. 

The supported ruthenium oxide catalyst and the 
supported ruthenium chloride catalyst have a high catalytic 
activity. 

The third aspect of the present invention relates to a 
A process for producing chlorine by oxidizing hydrogen 
chloride with oxygen, which uses at least one catalyst 
selected from the group consisting of the following 
catalysts (1) to (6): 

(1) a supported ruthenium oxide catalyst comprising 
titanium oxide which contains the rutile crystal form, and 
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which is obtained by calcination at a temperature of at 
least 550°C, as a carrier; 

(2) a supported ruthenium oxide catalyst having a 
carbon monoxide adsorption amount of at least 87.5 ml per 

5 one gram of ruthenium contained in the catalyst, which is 
measured by the ' following steps of: 

reducing 0.1 g of said catalyst at 220°C for 60 
minutes with flowing a hydrogen gas at a flow rate of 50 
ml/min. under atmospheric pressure, and 
10 conducting a metal surface area measuring method 

according to a carbon monoxide pulse; 

(3) a supported ruthenium oxide catalyst obtained by a 
preparation process comprising the steps of: 

supporting a ruthenium compound on a carrier, 
15 calcining said supported one at a temperature of at 

least 200°C in an atmosphere selected from the group 
consisting of an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere, 

treating said calcined one with a mixed solution of 
2 0 hydrazine and an alkaline compound, 
and 

oxidizing said hydrazine-treated one; 

(4) a supported ruthenium oxide catalyst produced by a 
process comprising the steps of: 

25 supporting a ruthenium compound on a carrier, 
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and 

calcining said supported one in an atmosphere selected 
from the group consisting of an oxidizing gas atmosphere, 
an inert gas atmosphere and a reducing gas atmosphere, 
wherein, when the peak intensity ratio of the produced 
catalyst and that of the catalyst after a 50 hours reaction 
test, which are measured by an extended X-ray absorption 
fine structure analysis (EXAFS) method, are A(b) and B(b) 
respectively, the peak intensity ratios A(b) and B(b) 
satisfy the following equation (1): 

1 < B(b) /A(b) < 1.45 (1) 

provided that A(b) < 0.8, 
wherein A(b) is a peak intensity ratio of as-produced 
Catalyst b measured by the EXAFS method, and B(b) is a peak 
intensity ratio of Catalyst b measured by the EXAFS method 
after the 50 hours reaction test; 
in which 

50 Hours reaction test: Supported ruthenium oxide 
Catalysts a and b are filled in a reactor in this order 
from the inlet of the reactor in a weight ratio of 1:10 
(Catalyst a to Catalyst b) , and a hydrogen chloride gas is 
supplied under atmospheric pressure at a flow rate of 0.185 
to 0.197 mol/g-cat . hr . while supplying an oxygen gas at a 
flow rate of 0.092 to 0.098 mol/g-cat . hr . to carry out the 
reaction for 50 hours while maintaining the hot spot of 
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Catalyst b at 360°C±1°C / in which Catalyst a is a supported 
ruthenium oxide catalyst having a chlorine formation 
activity per unit mass of the catalyst of 2 x 10~ 4 to 3 x 
10" 4 mol/min.g-cat., which is obtained in a reaction test 
5 for forming chlorine by oxidizing hydrogen chloride with 

oxygen at 300°C with a molar ratio of hydrogen chloride to 
oxygen being 1:1, and Catalyst b is a supported ruthenium 
oxide catalyst produced by the above process, 
and in which 

10 EXAFS method: Catalyst b is measured by an X-ray 

absorption fine structure analysis (XAFS) method at the Ru- 
K absorption edge, and the peak intensity of the catalyst 
is evaluated by the peak around 0*32 nm in a radial 
distribution function obtained by the Fourier 

15 transformation of the EXAFS spectrum, wherein the peak 

intensity corresponds to the number of the second nearest 
neighbor ruthenium atoms of the X-ray absorbing ruthenium 
atoms in ruthenium dioxide, and the peak intensity ratio of 
the catalyst is calculated by dividing the peak intensity 

20 of the catalyst by that of ruthenium oxide having a 
particle size of at least 10 nm; 

(5) a supported ruthenium oxide catalyst produced by a 
process comprising the following steps but not a treating 
step with hydrazine: 

2 5 supporting a ruthenium compound on a titanium oxide 
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carrier containing the rutile form, 
and 

calcining said supported one at a temperature of 200°C 
to 600°C in an atmosphere selected from the group 
consisting of an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere; 
and 

(6) a supported ruthenium oxide catalyst produced by a 
process comprising the following steps but neither a 
calcining step nor a treating step with hydrazine: 

supporting a ruthenium halide on a titanium oxide 
carrier containing the rutile crystal form, 
and 

drying said supported one in an atmosphere selected 
from the group consisting of an oxidizing gas atmosphere, 
an inert gas atmosphere and a reducing gas atmosphere at a 
temperature of 20°C to less than 200°C. 

The catalysts used in the above process for producing 
chlorine according to the third aspect of the present 
invention are already described in connection with the 
first and second aspects of the present invention. For 
example, the catalyst (1) used in the third aspect is 
described in connection with the catalyst (1) of the first 
aspect. The catalyst (2) used in the third aspect is 
described in connection with the catalyst (2) of the first 
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aspect. The catalyst (3) used in the third aspect is 
described in connection with the catalyst (3) of the first 
aspect. The catalyst (4) used in the third aspect is 
described in connection with the catalyst (4) prepared by 
the process of the second aspect. The catalyst (5) used in 
the third aspect is described in connection with the 
catalyst (5) prepared by the process of the second aspect. 
The catalyst (6) used in the third aspect is described in 
connection with the catalyst (6) prepared by the process of 
the second aspect. 

One preferable example of the catalyst (5) used in the 
process of third aspect of the present invention is a 
catalyst which is produced by a process comprising the 
following steps but not a treating step with hydrazine: 

supporting a ruthenium compound on a carrier, 

and 

calcining said supported one at a temperature of 200 °C 
to 600°C in an atmosphere selected from the group 
consisting of an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere, wherein the 
catalytic activity value of the produced catalyst and the 
catalytic activity value of the catalyst after 50 hours 
reaction test, which are measured by a catalytic activity 
test which is defined below, are respectively C(b) and D(b), 
and which satisfy the following equation (2) : 
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0.79 < D(b)/C(b) < 1 (2) 
provided that C(b) > 3.0 x 10" 4 mol/min . g-cat . 
wherein C(b) is a catalytic activity value of the produced 
catalyst b, which is measured by the catalytic activity 
test and D(b) is a catalytic activity value of the catalyst 
b, which is measured by the catalytic activity test after a 
50 hours reaction test; 
in which 

the 50 hours reaction test is carried out by filling 
supported ruthenium oxide Catalysts a and b in a reactor in 
this order from the inlet of the reactor in a weight ratio 
of 1:10 (Catalyst a to Catalyst b) , and supplying, under 
atmospheric pressure, a hydrogen chloride gas at a flow 
rate of 0.185 to 0.197 mol/g-cat . hr . while supplying an 
oxygen gas at a flow rate of 0.092 to 0.098 mol/g-cat .hr. 
to carry out the reaction for 50 hours while maintaining 
the hot spot of Catalyst b at 360°C±1°C, wherein Catalyst a 
is a catalyst having a chlorine formation activity per unit 
mass of catalyst of 2 x 10~ 4 to 3 x 10~ 4 mol/min. g-cat . , 
which is obtained in a reaction test for forming chlorine 
by oxidizing hydrogen chloride with oxygen at 300°C with a 
molar ratio of hydrogen chloride to oxygen being 1:1/ and 
Catalyst b is a supported ruthenium oxide Catalyst 
produced by the above process, 
and in which 
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Catalytic activity test: 2.3 to 2,5 grams of a 
catalyst is diluted by mixing with 10 to 20 g of a 
spherical a-alumina carrier having a diameter of 2 nun, and 
filled in a quartz reactor tube having an inner diameter of 
12 mm, then a hydrogen chloride gas and an oxygen gas are 
supplied in the reactor under atmospheric pressure at flow 
rates of 190 to 210 ml/min. and 190 to 210 ml/min., 
respectively (both volumes being converted to those at 0°C 
under 101 kPa) while heating the reactor in an electric 
furnace and maintaining the internal temperature (hot spot) 
at 300±1°C, after 2.0±1.0 hours from the start of the 
reaction, an exit gas from the reactor is sampled by 
passing it through a 30 mass % aqueous solution of 
potassium iodide, the amount of formed chlorine and the 
amount of unreacted hydrogen chloride are measured by an 
iodine titration method and a neutralization titration 
method, respectively, and thereafter a chlorine formation 
activity per unit mass of the catalyst is calculated by the 
following equation and used as a catalyst activity: 
Chlorine formation activity per unit mass of the catalyst 
(mol/min . g-cat . ) = 

Amount of chlorine gas from reactor exit (mol/min.)/ 
catalyst weight (g) . 

The preferable example of the catalyst (5) used in the 
process of the third aspect of the present invention is 
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already explained in connection with the preferable example 
of the catalyst (5) prepared by the process of the second 
aspect of the present invention. 

One preferable example of the catalyst (6) used in the 
process of third aspect of the present invention is a 
catalyst which is produced by a process comprising the 
following steps but neither a calcining step nor a treating 
step with hydrazine: 

supporting a ruthenium halide on a titanium oxide 
carrier containing the rutile crystal form, 
and 

drying said supported one in an atmosphere selected 
from the group consisting of an oxidizing gas atmosphere, 
an inert gas atmosphere and a reducing gas atmosphere at a 
temperature of 20°C to less than 200°C, 

wherein the catalytic activity value of the produced 
catalyst and the catalytic activity value of the catalyst 
after 50 hours reaction test , which are measured by a 
catalytic activity test which is defined below, are 
respectively E (b) and F(b), and which satisfy the following 
equation (3) : 

0.80 < F(b) /E(b) < 1.20 (3) 
provided that E (b) > 3.0 x 10" 4 mol/min . g-cat . 
in which 

50 Hours reaction test: Supported ruthenium oxide 
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Catalysts a and b are filled in a reactor in this order 
from the inlet of the reactor in a weight ratio of 1:10 
(Catalyst a to Catalyst b) , and a hydrogen cfiloride gas is 
supplied under atmospheric pressure at a flow rate of 0.185 
to 0.197 mol/g-cat.hr. while supplying an oxygen gas at a 
flow rate of 0.092 to 0.098 mol/g-cat . hr . to carry out the 
reaction for 50 hours while maintaining the hot spot of 
Catalyst b at 360°C±1°C, in which Catalyst a is a supported 
ruthenium oxide catalyst having a chlorine formation 
activity per unit mass of the catalyst of 2 x 10" 4 to 3 x 
10~ A mol/min . g-cat . , which is obtained in a reaction test 
for forming chlorine by oxidizing hydrogen chloride with 
oxygen at 300°C with a molar ratio of hydrogen chloride to 
oxygen being 1:1, and Catalyst b is a supported ruthenium 
oxide catalyst produced by the above process, 
and in which 

Catalytic activity test: 2.3 to 2.5 grams of a 
catalyst is diluted by mixing with 10 to 20 g of a 
spherical a-alumina carrier having a diameter of 2 mm, and 
filled in a quartz reactor tube having an inner diameter of 
12 mm, then a hydrogen chloride gas and an oxygen gas are 
supplied in the reactor under atmospheric pressure at flow 
rates of 190 to 210 ml/min. and 190 to 210 ml/min., 
respectively (both volumes being converted to those at 0°C 
under 101 kPa) while heating the reactor in an electric 
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furnace and maintaining the internal temperature (hot spot) 
at 300±1°C, after 2.0±1.0 hours from the start of the 
reaction, an exit gas from the reactor is sampled by 
passing it through a 30 mass % aqueous solution of 
potassium iodide, the amount of formed chlorine and the 
amount of unreacted hydrogen chloride are measured by an 
iodine titration method and a neutralization titration 
method, respectively, and thereafter a chlorine formation 
activity per unit mass of the catalyst is calculated by the 
following equation and used as a catalyst activity: 
Chlorine formation activity per unit mass of the catalyst 
(mol/min . g-cat . ) = 

Amount of chlorine gas from reactor exit (mol/min.)/ 
catalyst weight (g) . 

The preferable example of the catalyst (6) used in the 
process of the third aspect of the present invention is 
already explained in connection with the preferable example 
of the catalyst (6) prepared by the process of the second 
aspect of the present invention. 

The process of the third aspect of the present 
invention produces chlorine by oxidizing hydrogen chloride 
with oxygen in the presence of one or more of the above 
catalysts (1) to (6) . In this process, the reaction system 
includes, for example, a flow system such as a fixed bed 
system or a fluidized bed system. Preferably, a gas phase 
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fixed bed flow system and a gas phase fluidized bed flow 
system are used. The fixed bed system has an advantage 
that no separation of the reaction gas from the catalyst is 
required and that a high conversion can be accomplished 
because the raw gas can be sufficiently contacted with the 
catalyst. The fluidized bed system has an advantage that 
heat in the reactor can be sufficiently removed and the 
temperature distribution range in the reactor can be 
minimized. 

When the reaction temperature is high, ruthenium oxide 
in a highly oxidized state may be volatilized. Thus, the 
oxidation reaction is preferably conducted at a relatively 
low temperature, preferably, at a temperature of from 100 
to 500°C, more preferably from 200 to 380°C. 

The reaction pressure is usually from atmospheric 
pressure to about 5.07 MPa . 

As a source of oxygen gas, an air as such or pure 
oxygen may be used. Since other components may be 
discharged out of the plant at the same time as the 
discharge of inert nitrogen gas, pure oxygen is containing 
no inert gas is preferably used. 

A theoretical molar amount of oxygen based on hydrogen 
chloride is 1/4 mole, but oxygen is usually fed in an 
amount of 0.1 to 10 times larger than the theoretical 
amount ♦ 
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In the case of the fixed bed gas phase flow system, 
the amount of the catalyst is usually from about 10 to 
20,000 hr-1 in terms of a ratio (GHSV) to a feed rate of 
hydrogen chloride as the raw material under atmospheric 
pressure. GHSV means a Gas Hourly Space Velocity, which is 
a ratio of a volume of fed hydrogen chloride (liter/hr.) to 
a volume of the catalyst (liters) . 

Example 1 

A catalyst was prepared as follows. 

To titanium oxide powder (STR-60R (100 % rutile 
crystal) manufactured by Sakai Chemical Industry Co., Ltd.) 
(50.0 g) , pure water (35.3 g) and titanium oxide sol (CSB 
(Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 
Industry Co., Ltd.) (6.6 g) were added and kneaded. 

The mixture was molded by extrusion in the form of 
noodles having a diameter of 1.5 mm<£, and dried under air 
at 60°C for 2 hours to obtain white noodle-form titanium 
oxide (49.1 g) . 

The above operation was repeated, and white noodle- 
form titanium oxide (105.0 g in total) was obtained. 

The obtained titanium oxide solid was heated under air 
from room temperature to 700°C over 2 hours and calcined at 
the same temperature (700°C) for 3 hours to obtain white 
noodle-form titanium oxide (102.3 g) . 

After calcination, the noodle-form solid was cut to a 
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length of about 5 mm to obtain an extruded white titanium 
oxide carrier. 

Then, the carrier (100.0 g) was impregnated with an 
aqueous solution of commercially available ruthenium 
5 chloride (RuCl 3 .nH 2 0, ruthenium content: 37.3 mass %) 

(12.75 g) dissolved in pure water (42.5 g) , and dried at 
60°C for 2 hours. 

Then, 21. 6g of this solid from the obtained one was 
heated under air from room temperature to 200°C over 1 hour 
10 and calcined at the same temperature for 2 hours. 

The calcined solid was dipped in a solution containing 
2N aqueous solution of potassium hydroxide (13.3 g) , pure 
water (120 g) and hydrazine monohydrate (3.20 g) . Bubbling 
was observed as soon as the calcined solid was dipped in 
15 the solution. After 155 minutes, the supernatant was 

removed by filtration. Then, pure water (500 ml) was added 
to the recovered solid and the solid was washed for 30 
minutes, followed by filtration. The washing and 
filtration were repeated eight times. The pH of the first 
20 wash liquid was 11.4, and that of the eighth wash liquid 
was 7.4. 

To the filtrated solid, a 0.5 mol/1 aqueous solution 
of potassium chloride (50 g) was added, and stirred, 
followed by recovering of the solid by filtration. The 
25 same operation was repeated three times. 
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The obtained solid was dried at 60°C for 4 hours to 
obtain the black solid. 

Then, the black solid was heated under air from room 
temperature to 350 °C over 1 hour and calcined at the same 
temperature for 3 hours to obtain the black solid (20.9 g) . 

After calcination, pure water {500 ml) was added to 
the black solid and the mixture was stirred, followed by 
recovering of the solid by filtration. The same operation 
was repeated six times. Thereafter, an aqueous solution of 
silver nitrate was dropwise added to the wash liquid to 
confirm that no potassium chloride remained. 

Thereafter, the solid was dried at 60°C for 4 hours to 
obtain an extruded black ruthenium oxide catalyst supported 
on titanium oxide (20.6 g) . 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 +Ti0 2 ) ] x 100 = 5.9 mass % 

The calculated content of ruthenium was as follows: 
[Ru/ (Ru0 2 + Ti0 2 ) ] x 100 = 4.5 mass % 

Next, the adsorbed amount of carbon monoxide was 
measured by metal surface area measuring method (MSA) . 

The catalyst (0.1 g) was sampled and the adsorbed 
amount of carbon monoxide was measured under the following 
conditions : 

-Apparatus: Full automatic apparatus for measuring gas 
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adsorption on catalysts R 6015 (manufactured by OKURA 
RIKEN) 

-Hydrogen flow rate: 50 ml/min . 
-Heating rate: 20°C/min. 
5 -Reducing conditions: 220°C, 60 minutes 
-Helium purging: He 50 ml/min, 5 minutes 
-Cooling rate: 25°C/min. 

-Carbon monoxide adsorption: Carbon monoxide being adsorbed 
on the catalyst by pulse injecting carbon monoxide (each 
10 0.45 ml) several times at 50°C with flowing helium at 50 
ml/min. 

The measurement was carried out twice. The averaged 
adsorbed amount of carbon monoxide was 4.42 ml/g-cat., and 
the adsorbed amount per unit mass of ruthenium was 98.2 
15 ml/g-Ru . 

The obtained ruthenium oxide catalyst supported on 
titanium oxide (2.5 g) was diluted by mixing with a 

commercially available spherical a-alumina carrier having a 
diameter of 2 mm (SSA 995 manufactured by NIKKATO Co., 

20 Ltd.) (10 g) to dilute the catalyst, and then charged in a 
quartz reactor tube having an inner diameter of 12 mm. To 
the reactor tube, hydrogen chloride gas and oxygen gas were 
supplied at flow rates of 192 ml/min. and 192 ml/min., 
respectively (each converted to a volume at 0°C under 1 

2 5 atm.) 
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The quartz reactor tube was heated in an electric 
furnace to adjust the internal temperature (hot spot) to 
300°C. 

When 2 hours after the start of the reaction, the gas 
from the exit of the reactor tube was sampled by passing it 
through an aqueous 30 mass % potassium iodide solution, and 
the amount of chlorine formed and the amount of unreacted 
hydrogen chloride were determined by iodometric titration 
and neutralization titration, respectively. 

The chlorine formation activity per unit mass of the 
catalyst, which was calculated according to the following 
equation, was 11.0 x 10" 4 mol/min . g-cat . : 

Chlorine formation activity per unit mass of the catalyst 
(mol/min . g-cat . ) = 

Amount of exit chlorine formed per unit time (mol/min.)/ 
weight of catalyst (g) 
Example 2 

A reaction was carried out in the same manner as that 
in Example 1 except that the catalyst prepared in Example 1 
(1.0 g) was diluted by mixing with a commercially available 
spherical a-alumina carrier having a diameter of 2 mm (20 
g) to dilute the catalyst, and then charged in the quartz 
reactor tube, and the oxygen gas was supplied at a flow 
rate of 206 ml/min. 

When 2.4 hours after the start of the reaction, the 
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chlorine formation activity per unit mass of the catalyst 
was 25.5 x 1CT 4 mol/min . g-cat . 
Example 3 

A catalyst was prepared as follows. 

To titanium oxide powder (STR-60R (100 % rutile 
crystal) manufactured by Sakai Chemical Industry Co., Ltd.) 
(50.0 g) , pure water (35.3 g) and titanium oxide sol (CSB 
(Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 
Industry Co., Ltd.) (6.6 g) were added and kneaded. 

The mixture was molded by extrusion in the form of 
noodles having a diameter of 1.5 mm <f> , and dried under air 
at 60°C for 2 hours to obtain white noodle-form titanium 
oxide ♦ 

The above operation was repeated, and white noodle- 
form titanium oxide (94.9 g in total) was obtained. 

The obtained titanium oxide solid was heated under air 
from room temperature to 700 °C over 2 hours and calcined at 
the same temperature for 3 hours to obtain white noodle- 
form titanium oxide. 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 
oxide carrier. 

Then, the carrier (20.0 g) was impregnated with an 
aqueous solution of commercially available ruthenium 
chloride (RuCl 3 .nH 2 0, ruthenium content: 38.2 mass %) (2.49 
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g) dissolved in pure water (8.5 g) , dried at room 
temperature overnight, and further dried at 60 °C for 2 
hours . 

The obtained solid (22.4 g) was heated under air from 
room temperature to 300 °C over 1.5 hours while supplying an 
air at a flow rate of 200 ml/min. and calcined at the same 
temperature for 2 hours. 

The calcined solid was dipped in a solution containing 
2N aqueous solution of potassium hydroxide (13.2 g) , pure 
water (120 g) and hydrazine monohydrate (3.20 g) . Bubbling 
was observed as soon as the calcined solid was dipped in 
the solution. After 155 minutes, the supernatant was 
removed by filtration. Then, pure water (500 ml) was added 
to the recovered solid and the solid was washed for 30 
minutes, followed by filtration. The washing and 
filtration were repeated seven times. The pH of the first 
wash liquid was 10.5, and that of the seventh wash liquid 
was 8.0. 

To the filtrated solid, a 0.5 mol/1 aqueous solution 
of potassium chloride (50 g) was added, and stirred, 
followed by recovering of the solid by filtration. The 
same operation was repeated three times. 

The obtained solid was dried at 60°C for 4 hours to 
obtain the black solid. 

Then, the black solid was heated under air from room 
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temperature to 350°C over 1 hour and calcined at the same 
temperature for 3 hours to obtain the black solid (21.3 g) . 

After calcination, pure water (500 ml) was added to 
the black solid and the mixture was stirred, followed by 
recovering of the solid by filtration. The same operation 
was repeated five times. Thereafter, an aqueous solution 
of silver nitrate was dropwise added to the wash liquid to 
confirm that no potassium chloride remained. 

Thereafter, the solid was dried at 60°C for 4 hours to 
obtain an extruded black ruthenium oxide catalyst supported 
on titanium oxide (21.1 g) . 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 +Ti0 2 ) ] x 100 = 5.9 mass % 

The calculated content of ruthenium was as follows: 
[Ru/ (Ru0 2 +Ti0 2 ) ] x 100 = 4.5 mass % 

The obtained ruthenium oxide catalyst supported on 
titanium oxide (1.0 g) was diluted by mixing with a 

commercially available spherical a-alumina carrier having a 
diameter of 2 mm (20 g) to dilute the catalyst, and charged 
in the quartz reactor tube. Then, the reaction was carried 
out in the same manner as that in Example 1 except that the 
oxygen was supplied at a flow rate of 206 ml/min. 

When 2.0 hours after the start of the reaction, the 
chlorine formation activity per unit mass of the catalyst 
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was 22.8 x 10" 4 mol/min.g-cat . 
Example 4 

A catalyst was prepared as follows. 

Titanium oxide powder (STR-60R (100 % rutile crystal) 
manufactured by Sakai Chemical Industry Co., Ltd.) (30.0 g) 
and aluminum oxide powder (AES-12 manufactured by Sumitomo 
Chemical Co., Ltd.) (30.0 g) were thoroughly mixed. To the 
mixture, pure water (19.0 g) and titanium oxide sol (CSB 
(Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 
Industry Co., Ltd.) (7.9 g) were added and kneaded. To the 
kneaded mixture, pure water (0.6 g) was added and further 
kneaded until an adequate viscosity was reached. 

This mixture was molded by extrusion in the form of 
noodles having a diameter of 1.5 mm<£, and dried under air 
at 60°C for 2 hours to obtain white noodle-form titanium 
oxide -a- alumina . 

The obtained white noodle-form titanium oxide-a- 
alumina was heated under air from room temperature to 600°C 
over 1.7 hours and calcined at the same temperature for 3 

hours to obtain white noodle-form titanium oxide-a-alumina 
(50.8 g) . 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 
oxide-a-alumina carrier . 

Then, the carrier (20.0 g) was impregnated with an 
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aqueous solution of commercially available ruthenium 
chloride (RuCl 3 .nH 2 0, ruthenium content: 38.2 mass %) (1-63 
g) dissolved in pure water (6.1 g) , dried at room 
temperature overnight and further dried at 60 °C for 2 hours. 
5 The obtained solid was heated under air from room 

temperature to 250 °C over 1.25 hours and calcined at the 
same temperature for 2 hours. 

The calcined solid was dipped in a solution containing 
2N aqueous solution of potassium hydroxide (8.5 g) , pure 

10 water (120 g) and hydrazine monohydrate (2.05 g) . Bubbling 
was observed as soon as the calcined solid was dipped in 
the solution. After 1 hour, the supernatant was removed by 
filtration. Then, pure water (500 ml) was added to the 
recovered solid and the solid was washed for 30 minutes, 

15 followed by filtration. The washing and filtration were 

repeated seven times. The pH of the first wash liquid was 
10.9, and that of the seventh wash liquid was 7.2. 

To the filtrated solid, a 0.5 mol/1 aqueous solution 
of potassium chloride (50 g) was added, and stirred, 

20 followed by recovering of the solid by filtration. The 
same operation was repeated three times. 

The obtained solid was dried at 60°C for 4 hours to 
obtain the black solid. 

Then, the black solid was heated under air from room 

25 temperature to 350°C over 1 hour and calcined at the same 
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temperature for 3 hours to obtain the black solid. 

After calcination, pure water (500 ml) was added to 
the black solid and the mixture was stirred, followed by 
recovering of the solid by filtration. The same operation 
5 was repeated five times. Thereafter, an aqueous solution 
of silver nitrate was dropwise added to the wash liquid to 
confirm that no potassium chloride remained. 

Thereafter, the solid was dried at 60°C for 4 hours to 
obtain an extruded black ruthenium oxide catalyst supported 
10 on titanium oxide-a-alumina (20.7 g) . 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 +Ti0 2 +a-Al 2 0 3 ) ] x 100 - 3.9 mass % 
The calculated content of ruthenium was as follows: 

15 [Ru/ (Ru0 2 + Ti0 2 +a-Al 2 0 3 ) ] x 100 = 3.0 mass % 

The obtained ruthenium oxide catalyst supported on 

titanium oxide-a-alumina (2.5 g) was charged in the quartz 
reactor tube, and the reaction was carried out in the same 
manner as that in Example 1 except that the internal 
20 temperature (hot spot) was 301°C. 

When 2.0 hours after the start of the reaction, the 
chlorine formation activity per unit mass of the catalyst 
was 9.1 x 10~ 4 mol/min . g-cat . 

Example 5 

25 A catalyst was prepared as follows. 
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Titanium oxide powder (STR-60R (100 % rutile crystal) 
manufactured by Sakai Chemical Industry Co., Ltd.) (20.0 g) 
and aluminum oxide powder (AES-12 manufactured by Sumitomo 
Chemical Co., Ltd.) (20.0 g) were thoroughly mixed. To the 
5 mixture, pure water (14.6 g) and titanium oxide sol (CSB 
(Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 
Industry Co., Ltd.) (5.26 g) were added and kneaded, and 
further kneaded until an adequate viscosity was reached. 

This mixture was molded by extrusion in the form of 

10 noodles having a diameter of 1.5 mm </> , and dried under air 
at 60°C for 4 hours to obtain white noodle-form titanium 

oxide-a-alumina . 

The obtained white noodle-form solid was heated under 
air from room temperature to 600°C over 1.7 hours and 
15 calcined at the same temperature for 3 hours to obtain 

white noodle-form titanium oxide-a-alumina (33.0 g) . 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 

oxide-a-alumina carrier . 

20 Then, the carrier (20.0 g) was impregnated with an 

aqueous solution of commercially available ruthenium 
chloride (RuCl 3 .nH 2 0, ruthenium content: 38.2 mass %) (1.63 
g) dissolved in pure water (5.9 g) , dried at room 
temperature overnight and further dried at 60°C for 2 hours. 

25 The obtained solid was heated from room temperature to 
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200°C over 1 hour while supplying an air at a flow rate of 
200 ml/min. and calcined at the same temperature for 2 
hours . 

The calcined solid was dipped in a solution containing 
2N aqueous solution of potassium hydroxide (8.5 g) , pure 
water (120 g) and hydrazine monohydrate (2.05 g) . Bubbling 
was observed as soon as the calcined solid was dipped in 
the solution. After 1 hour, the supernatant was removed by 
filtration. Then, pure water (500 ml) was added to the 
recovered solid and the solid was washed for 30 minutes, 
followed by filtration. The washing and filtration were 
repeated five times. The pH of the first wash liquid was 
10.4, and that of the fifth wash liquid was 7.4. 

To the filtrated solid, a 0.5 mol/1 aqueous solution 
of potassium chloride (50 g) was added, and stirred, 
followed by recovering of the solid by filtration. The 
same operation was repeated three times. 

The obtained solid was dried at 60°C for 4 hours to 
obtain the black solid (20.8 g) . 

Then, the black solid was heated under air from room 
temperature to 350 °C over 1 hour and calcined at the same 
temperature for 3 hours to obtain the black solid. 

After calcination, pure water (500 ml) was added to 
the black solid and the mixture was stirred, followed by 
recovering of the solid by filtration. The same operation 
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was repeated five times. Thereafter, an aqueous solution 
of silver nitrate was dropwise added to the wash liquid to 
confirm that no potassium chloride remained. 

Thereafter, the solid was dried at 60°C for 4 hours to 
5 obtain an extruded black ruthenium oxide catalyst supported 
on titanium oxide-a-alumina (20.5 g) . 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 + Ti0 2 +Al 2 0 3 ) ] x 100 = 3.9 mass % 
10 The calculated content of ruthenium was as follows: 

[Ru/ (Ru0 2 + Ti0 2 +a-Al 2 0 3 ) ] x 100 = 3.0 mass % 
Next, the adsorbed amount of carbon monoxide was 
measured by MSA under the same conditions as those in 
Example 1. The measurement was carried out twice. The 
15 averaged adsorbed amount of carbon monoxide was 2.98 ml/g- 
cat . , and the adsorbed amount per unit mass of ruthenium 
was 99.3 ml/g-Ru. 

The obtained ruthenium oxide catalyst supported on 
titanium oxide-a-alumina (2.5 g) was charged in the quartz 
20 reactor tube and the reaction was carried out in the same 
manners as those in Example 1 except that the oxygen gas 
was supplied under atmospheric pressure at a flow rate of 
206 ml/1. 

When 2.0 hours after the start of the reaction, the 
25 chlorine formation activity per unit mass of the catalyst 
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was 9.1 x 1CT 4 mol/min.g-cat. 
Example 6 

A catalyst was prepared as follows. 

Titanium oxide powder (STR-60R (100 % rutile crystal) 
manufactured by Sakai Chemical Industry Co., Ltd.) (30.1 g) 
and aluminum oxide powder (AES-12 manufactured by Sumitomo 
Chemical Co., Ltd.) (60.0 g) were thoroughly mixed. To the 
mixture, pure water (20.3 g) and titanium oxide sol (CSB 
(Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 
Industry Co., Ltd.) (11.9 g) were added and kneaded, and 
further kneaded until an adequate viscosity was reached. 

This mixture was molded by extrusion in the form of 
noodles having a diameter of 1.5 mm^ , and dried under air 
at 60°C for 4 hours to obtain white noodle-form titanium 
oxide-a-alumina . 

Then, 55. 5g of this solid from the obtained white 
noodle- form one was heated under air from room temperature 
to 600°C over 1*7 hours and calcined at the same 
temperature for 3 hours to obtain white noodle-form 
titanium oxide-a-alumina (53.8 g) , 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 
oxide-a-alumina carrier . 

Then, the carrier (20.0 g) was impregnated with an 
aqueous solution of commercially available ruthenium 
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chloride (RuCl 3 . nH 2 0, ruthenium content: 38.2 mass %) (0.82 
g) dissolved in pure water (4.49 g) , dried at room 
temperature overnight and further dried at 60 °C for 2 hours. 

The obtained solid was heated from room temperature to 
200°C over 1 hour while supplying an air at a flow rate of 
200 ml/min. and calcined at the same temperature for 2 
hours . 

The calcined solid was dipped in a solution containing 
2N aqueous solution of potassium hydroxide (4.2 g) , pure 
water (120 g) and hydrazine monohydrate (1.03 g) . Bubbling 
was observed as soon as the calcined solid was dipped in 
the solution. After 1 hour, the supernatant was removed by 
filtration. Then, pure water (500 ml) was added to the 
recovered solid and the solid was washed for 30 minutes, 
followed by filtration. The washing and filtration were 
repeated five times. The pH of the first wash liquid was 
10.6, and that of the fifth wash liquid was 7.3. 

To the filtrated solid, a 0.5 mol/1 aqueous solution 
of potassium chloride (50 g) was added, and stirred, 
followed by recovering of the solid by filtration. The 
same operation was repeated three times. 

The obtained solid was dried at 60°C for 4 hours to 
obtain the black solid. 

Then, the black solid was heated under air from room 
temperature to 350°C over 1 hour and calcined at the same 
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temperature for 3 hours to obtain the black solid. 

After calcination, pure water (500 ml) was added to 
the black solid and the mixture was stirred, followed by 
recovering of the solid by filtration. The same operation 
was repeated five times. Thereafter, an aqueous solution 
of silver nitrate was dropwise added to the wash liquid to 
confirm that no potassium chloride remained. 

Thereafter, the solid was dried at 60°C for 4 hours to 
obtain an extruded black ruthenium oxide catalyst supported 
on titanium oxide-a-alumina (20.2 g) . 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 + TiO 2 +a-Al 2 0 3 ) ] x 100 = 2.0 mass % 

The calculated content of ruthenium was as follows: 

[Ru/ (Ru0 2 + Ti0 2 +a.-Al 2 0 3 ) ] x 100 = 1.53 mass % 
Next, the adsorbed amount of carbon monoxide was 
measured by MSA under the same conditions as those in 
Example 1. The measurement was carried out twice. The 
averaged adsorbed amount of carbon monoxide was 1.73 ml/g- 
cat., and the adsorbed amount per unit mass of ruthenium 
was 113.1 ml/g-Ru. 

The obtained ruthenium oxide catalyst supported on 
titanium oxide-a-alumina (2.5 g) was charged in the quartz 
reactor tube and the reaction was carried out in the same 
manners as those in Example 1. 
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When 2.0 hours after the start of the reaction, the 
chlorine formation activity per unit mass of the catalyst 
was 5.35 x 10" 4 mol/min . g-cat . 

Example 7 

A catalyst was prepared as follows. 

Titanium oxide powder (STR-60R (100 % rutile crystal) 
manufactured by Sakai Chemical Industry Co., Ltd.) (120 g) 
was heated at a heating rate of 6°C/min., and then calcined 
at 600°C for 3 hours to obtain titanium oxide powder (118.8 
g) . To this calcined titanium oxide powder (50.0 g) , pure 
water (35.0 g) and titanium oxide sol (CSB (Ti0 2 content: 
38 mass %) manufactured by Sakai Chemical Industry Co*, 
Ltd.) (6.6 g) were added and kneaded. 

The mixture was molded by extrusion in the form of 
noodles having a diameter of 1.5 mm <f> , and dried under air 
at 60°C for 4 hours to obtain white noodle-form titanium 
oxide (42.2 g) . 

The obtained titanium oxide solid was heated under air 
from room temperature to 350°C over 1 hour and calcined at 
350°C for 3 hours, and further heated at a heating rate of 
6°C/min. and calcined at 500°C for 3 hours to obtain white 
noodle-form titanium oxide (42.0 g) . 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 
oxide carrier. 
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Then, the carrier (20.0 g) was impregnated with an 
aqueous solution of commercially available ruthenium 
chloride (RuCl 3 .nH 2 0, ruthenium content: 37.3 mass %) (2.55 
g) dissolved in pure water (7.6 g) , and dried at 60°C for 2 
hours . 

The obtained solid was dipped in a solution containing 
2N aqueous solution of potassium hydroxide (13.2 g) , pure 
water (120 g) and hydrazine monohydrate (3.20 g) . Bubbling 
was observed as soon as the solid was dipped in the 
solution. After 60 minutes, the supernatant was removed by 
filtration. Then, pure water (500 ml) was added to the 
recovered solid and the solid was washed for 30 minutes, 
followed by filtration. The washing and filtration were 
repeated five times. The pH of the first wash liquid was 
9.0, and that of the fifth wash liquid was 6.0. 

To the filtrated solid, a 0.5 mol/1 aqueous solution 
of potassium chloride (50 g) was added, and stirred, 
followed by recovering of the solid by filtration. The 
same operation was repeated three times. 

The obtained solid was dried at 60°C for 4 hours to 
obtain the black solid. 

Then, the black solid was heated under air from room 
temperature to 350°C over 1 hour and calcined at the same 
temperature for 3 hours to obtain the black solid (21.2 g) . 

After calcination, pure water (500 ml) was added to 
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the black solid and the mixture was stirred, followed by 
recovering of the solid by filtration. The same operation 
was repeated five times. Thereafter, an aqueous solution 
of silver nitrate was dropwise added to the wash liquid to 
confirm that no potassium chloride remained. 

Thereafter, the solid was dried at 60°C for 4 hours to 
obtain an extruded black ruthenium oxide catalyst supported 
on titanium oxide (20.4 g) . 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 +Ti0 2 ) ] x 100 = 5.9 mass % 

The calculated content of ruthenium was as follows: 
[Ru/ (Ru0 2 +Ti0 2 ) ] x 100 = 4.5 mass % 

Next, the adsorbed amount of carbon monoxide was 
measured by MSA under the same conditions as those in 
Example 1. The measurement was carried out twice. The 
averaged adsorbed amount of carbon monoxide was 3.28 ml/g- 
cat., and the adsorbed amount per unit mass of ruthenium 
was 72.9 ml/g-Ru. 

Example 8 

A catalyst was prepared as follows. 

Titanium oxide powder (STR-60R (100 % rutile crystal) 
manufactured by Sakai Chemical Industry Co., Ltd.) (40.1 g) 
and ot-alumina powder (AES-12 manufactured by Sumitomo 
Chemical Co., Ltd.) (40.0 g) were thoroughly mixed. To the 
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mixture, the mixed solution of titanium oxide sol (CSB 
(Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 
Industry Co., Ltd.) (10.6 g) and pure water (31.0 g) was 
added and kneaded. 

This mixture was molded by extrusion in the form of 
noodles having a diameter of 1.5 nuti^ , and dried under air 
at 60°C for 4 hours to obtain white noodle-form titanium 
oxide-a-alumina . 

The obtained white noodle-form titanium oxide-a- 
alumina was heated under air from room temperature to 600 °C 
over 1.6 hours and calcined at the same temperature for 3 

hours to obtain white noodle-form titanium oxide-a-alumina 
(75.4 g) . 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 
oxide-a-alumina carrier. The same carrier was prepared by 
the same method as above, and two portions of the prepared 
carrier were combined. 

Then, the carrier (20.0 g) was impregnated with an 
aqueous solution of commercially available ruthenium 
chloride (RuCl 3 .nH 2 0, ruthenium content: 37.3 mass %) (1.62 
g) dissolved in pure water (5.86 g) and dried at 60°C for 2 
hours . 

The obtained solid was dipped in a solution containing 
2N aqueous solution of potassium hydroxide (8.38 g) , pure 
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water (40 g) and hydrazine monohydrate (2.04 g) . Bubbling 
was observed as soon as the calcined solid was dipped in 
the solution. After 1 hour, the supernatant was removed by 
filtration. Then, pure water (500 ml) was added to the 
recovered solid and the solid was washed for 30 minutes, 
followed by filtration. The washing and filtration were 
repeated five times. The pH of the first wash liquid was 
9.7, and that of the fifth wash liquid was 7.0. 

To the filtrated solid, a 0.5 mol/1 aqueous solution 
of potassium chloride (50 g) was added, and stirred, 
followed by recovering of the solid by filtration. The 
same operation was repeated three times. 

The obtained solid was dried at 60°C for 4 hours to 
obtain the gray solid. Furthermore, another two portions 
of the gray solid were produced by the same method, and 
three portions were combined. 

Then, the gray solid was heated under air from room 
temperature to 350 °C over 1 hour and calcined at the same 
temperature for 3 hours to obtain the bluish gray solid. 
The bluish gray solid was prepared by the same method as 
above, and two portions of the prepared solid were combined. 

After calcination, pure water (500 ml) was added to 
the black solid and the mixture was stirred, followed by 
recovering of the solid by filtration. The same operation 
was repeated five times. Thereafter, an aqueous solution 
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of silver nitrate was dropwise added to the wash liquid to 
confirm that no potassium chloride remained. 

Thereafter, the solid was dried at 60°C for 4 hours to 
obtain an extruded bluish gray ruthenium oxide catalyst 
5 supported on titanium oxide-a-alumina (124.6 g) . 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru02+Ti0 2 +a-Al 2 0 3 ) ] x 100 = 3.8 mass % 
The calculated content of ruthenium was as follows: 

10 [Ru/ (Ru0 2 + Ti0 2 +a-Al 2 0 3 ) ] x 100 = 2.9 mass % 

The adsorbed amount of carbon monoxide was measured by 
MSA under the same conditions as those in Example 1. The 
measurement was carried out twice. The averaged adsorbed 
amount of carbon monoxide was 2.36 ml/g-cat., and the 
15 adsorbed amount per unit mass of ruthenium was 81.4 ml/g-Ru. 
Example 9 

A catalyst was prepared as follows. 

Titanium oxide powder (STR-60R (100 % rutile crystal) 
manufactured by Sakai Chemical Industry Co., Ltd.) (30.0 g) 

20 and a-alumina powder (AES-12 manufactured by Sumitomo 

Chemical Co., Ltd.) (30.0 g) were thoroughly mixed. To the 
mixture, the mixed solution of titanium oxide sol (CSB 
(Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 
Industry Co., Ltd.) (7.9 g) and pure water (22.0 g) was 

25 added and kneaded. 
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This mixture was molded by extrusion in the form of 
noodles having a diameter of 1.5 mm#, and dried under air 
at 60°C for 4 hours to obtain white noodle-form titanium 
oxide-a-alumina (53.1 g) . 

The obtained white noodle-form titanium oxide-a- 
alumina was heated under air from room temperature to 8 00°C 
over 2.2 hours and calcined at the same temperature for 3 

hours to obtain white noodle-form titanium oxide-a-alumina 
(52.3 g) . 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 
oxide-a-alumina carrier . 

Then, the carrier (25.0 g) was impregnated with an 
aqueous solution of commercially available ruthenium 
chloride (RuCl 3 .nH 2 0, ruthenium content: 37.3 mass %) (1.01 
g) dissolved in pure water (6.9 g) and dried at 60°C for 2 
hours . 

The obtained solid was dipped in a solution containing 
2N aqueous solution of potassium hydroxide (5.24 g) , pure 
water (150 g) and hydrazine monohydrate (1.26 g) . Bubbling 
was observed as soon as the calcined solid was dipped in 
the solution. After 1 hour, the supernatant was removed by 
filtration. Then, pure water (500 ml) was added to the 
recovered solid and the solid was washed for 30 minutes, 
followed by filtration. The washing and filtration were 
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repeated five times. The pH of the first wash liquid was 
9.1, and that of the fifth wash liquid was 6.7. 

To the filtrated solid, a 0.5 mol/1 aqueous solution 
of potassium chloride (50 g) was added, and stirred, 
followed by recovering of the solid by filtration. The 
same operation was repeated three times. 

The obtained solid was dried at 60 °C for 4 hours to 
obtain the gray solid. . 

Then, the gray solid was heated under air from room 
temperature to 350 °C over 1 hour and calcined at the same 
temperature for 3 hours to obtain the bluish gray solid. 

After calcination, pure water (500 ml) was added to 
the black solid and the mixture was stirred, followed by 
recovering of the solid by filtration. The same operation 
was repeated five times. Thereafter, an aqueous solution 
of silver nitrate was dropwise added to the wash liquid to 
confirm that no potassium chloride remained. 

Thereafter, the solid was dried at 60°C for 4 hours to 
obtain an extruded bluish gray ruthenium oxide catalyst 
supported on titanium oxide-ot-alumina (24.8 g) . 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 +Ti0 2 +Al 2 0 3 ) ] x 100 = 1.9 mass % 

The calculated content of ruthenium was as follows: 

[Ru/(RuQ 2 + Ti0 2 +a-Al 2 0 3 ) ] x 100 = 1.5 mass % 
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The adsorbed amount of carbon monoxide was measured by 
MSA under the same conditions as those in Example 1. The 
measurement was carried out twice. The averaged adsorbed 
amount of carbon monoxide was 1.21 ml/g-cat., and the 
adsorbed amount per unit mass of ruthenium was 80.7 ml/g-Ru. 

Example 10 

1) The first catalyst of this Example was prepared as 
follows . 

To titanium oxide powder (STR-60R (100 % rutile 
crystal) manufactured by Sakai Chemical Industry Co., Ltd.) 
(60.1 g) , pure water (42.1 g) and titanium oxide sol (CSB 
(Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 
Industry Co., Ltd.) (7.9 g) were added and kneaded. A dry 
air was blown onto the kneaded mixture at room temperature 
to dry the mixture until an adequate viscosity was reached. 
The decreased amount of water by drying was 0.5 g. 

The mixture was molded by extrusion in the form of 
noodles having a diameter of 1.5 mm<f>, and dried under air 
at 60°C for 4 hours to obtain white noodle-form titanium 
oxide (54.0 g) . 

Then, 27. 3g of this solid from the obtained titanium 
oxide one was heated under air from room temperature to 
800°C over 2 hours and calcined at the same temperature for 
3 hours to obtain white noodle-form titanium oxide (26.7 g) . 
After calcination, the noodle-form solid was cut to a 
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length of about 5 mm to obtain an extruded white titanium 
oxide carrier. 

Then, the carrier (20.0 g) was impregnated with an 
aqueous solution of commercially available ruthenium 
chloride (RuCl 3 .nH 2 0, ruthenium content: 37.3 mass %) (1.61 
g) dissolved in pure water (10.2 g) , and dried at 60°C for 
2 hours. 

The obtained solid was dipped in a solution containing 
2N aqueous solution of potassium hydroxide (8.34 g) , pure 
water (121 g) and hydrazine monohydrate (2.02 g) . Bubbling 
was observed as soon as the dried solid was dipped in the 
solution. After 1 hour, the supernatant was removed by 
filtration. Then, pure water (500 ml) was added to the 
recovered solid and the solid was washed for 30 minutes, 
followed by filtration. The washing and filtration were 
repeated five times. The pH of the first wash liquid was 
8.9, and that of the fifth wash liquid was 5.7. 

To the filtrated solid, a 0.5 mol/1 aqueous solution 
of potassium chloride (50 g) was added, and stirred, 
followed by recovering of the solid by filtration. The 
same operation was repeated three times. 

The obtained solid was dried at 60°C for 4 hours to 
obtain the gray solid. 

Then, the gray solid was heated under air from room 
temperature to 350 °C over 1 hour and calcined at the same 
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temperature for 3 hours to obtain the bluish gray solid. 
After calcination, pure water (500 ml) was added to 
. the bluish gray solid and the mixture was stirred, followed 
by recovering of the solid by filtration. The same 
5 operation was repeated five times. Thereafter, an aqueous 
solution of silver nitrate was dropwise added to the wash 
liquid to confirm that no potassium chloride remained. 

Thereafter, the solid was dried at 60°C for 4 hours to 
obtain an extruded bluish gray ruthenium oxide catalyst 
10 supported on titanium oxide (20.6 g) . 

A packing density of the obtained catalyst was 
measured by packing the catalyst in a 50 ml graduated 
cylinder, and calculated from a packing weight and a 
packing volume according to the following equation: 
15 Packing density = Packing weight/Packing volume 
The packing density was 0.91 g/ml . 
The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 + Ti0 2 ) ] x 100 = 3.8 mass % 
20 The calculated content of ruthenium was as follows: 

[Ru/ (Ru0 2 +Ti0 2 ) ] x 100 = 2.9 mass % 
The obtained catalyst is named "Catalyst c" . 
2) The second catalyst of this Example was prepared as 
follows . 

25 Titanium oxide powder (STR-60R (100 % rutile crystal) 
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manufactured by Sakai Chemical Industry Co., Ltd.) (30.0 g) 

and a-alumina powder (AES-12 manufactured by Sumitomo 
Chemical Co., Ltd.) (30.0 g) were thoroughly mixed. To the 
mixture, titanium oxide sol (CSB (Ti0 2 content: 38 mass %) 
5 manufactured by Sakai Chemical Industry Co., Ltd.) (7.9 g) 
and pure water (22.0 g) were added and kneaded. 

This mixture was molded by extrusion in the form of 

noodles having a diameter of 1.5 mm<£, and dried under air 
at 60°C for 4 hours to obtain white noodle-form titanium 

10 oxide-a-alumina (53.1 g) . 

The obtained white noodle-form titanium oxide-a- 
alumina was heated under air from room temperature to 8 00°C 
over 2.2 hours and calcined at the same temperature for 3 
hours to obtain white noodle-form titanium oxide-a-alumina 

15 (52.3 g) . 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 

oxide-a-alumina carrier . 

Then, the carrier (25.0 g) was impregnated with an 
20 aqueous solution of commercially available ruthenium 

chloride (RuCl 3 .nH 2 0, ruthenium content: 37.3 mass %) (1.01 
g) dissolved in pure water (6.9 g) and dried at 60°C for 2 
hours . 

The obtained solid was dipped in a solution containing 
25 2N aqueous solution of potassium hydroxide (5.24 g) , pure 
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water (150 g) and hydrazine monohydrate (1.26 g) . Bubbling 
was observed as soon as the calcined solid was dipped in 
the solution. After 1 hour, the supernatant was removed by 
filtration. Then, pure water (500 ml) was added to the 
5 recovered solid and the solid was washed for 30 minutes, 
followed by filtration. The washing and filtration were 
repeated five times. The pH of the first wash liquid was 
9.1, and that of the fifth wash liquid was 6.7. 

To the filtrated solid, a 0.5 mol/1 aqueous solution 

10 of potassium chloride (50 g) was added, and stirred, 

followed by recovering of the solid by filtration. The 
same operation was repeated three times. 

The obtained solid was dried at 60°C for 4 hours to 
obtain the gray solid. 

15 Then, the gray solid was heated under air from room 

temperature to 350°C over 1 hour and calcined at the same 
temperature for 3 hours to obtain the bluish gray solid 
(24.8 g) . 

After calcination, pure water (500 ml) was added to 
20 the bluish gray solid and the mixture was stirred, followed 
by recovering of the solid by filtration. The same 
operation was repeated five times. Thereafter, an aqueous 
solution of silver nitrate was dropwise added to the wash 
liquid to confirm that no potassium chloride remained. 
25 Thereafter, the solid was dried at 60°C for 4 hours to 
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obtain an extruded bluish gray ruthenium oxide catalyst 
supported on titanium oxide-a-alumina (20.6 g) . The 
packing density of this catalyst was 1.02 g/ml. 

The calculated content of ruthenium oxide was as 
5 follows: 

[Ru0 2 / (Ru0 2 +Ti02+a-Al 2 03) ] x 100 = 1.9 mass % 
The calculated content of ruthenium was as follows: 

[Ru/ (Ru0 2 + Ti0 2 +a-Al 2 0 3 ) ] x 100 = 1.4 mass % 
The obtained catalyst was named "Catalyst b" . 
10 3) The third catalyst of this Example was prepared as 

follows . 

A commercially available a-alumina (AES-12 
manufactured by Sumitomo Chemical Co., Ltd.) (30.1 g) , 
ruthenium chloride (RuCl 3 .nH 2 0, ruthenium content: 37.3 
15 mass %) (1.62 g) , pure water (3.0 g) and alumina sol 

(ALUMINA SOL 200 manufactured by Nissan Chemical Industries, 
Ltd.) (8.53 g) were thoroughly mixed. A dry air was blown 
onto the mixture at room temperature to dry the mixture 
until an adequate viscosity was reached. 
20 This mixture was molded by extrusion in the form of 

noodles having a diameter of 1.5 mm<£, and dried under air 
at 60°C for 4 hours to obtain brown noodle-form ruthenium 

oxide-a-alumina . 

The obtained brown noodle-form ruthenium oxide-a- 
25 alumina was heated under air from room temperature to 350°C 
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over 1 hour and calcined at the same temperature for 3 
hours to obtain gray noodle-form ruthenium oxide catalyst 
supported on a-alumina (25.8 g) . 

The calculated content of ruthenium oxide was as 
5 follows: 

[Ru0 2 / (Ru0 2 +a-Al 2 0 3 ) ] x 100 = 2.5 mass % 

The calculated content of ruthenium was as follows: 

[Ru/ (Ru0 2 +a-Al 2 0 3 ) ] x 100 = 1.9 mass % 

The packing density of obtained catalyst was 1.31 g/ml . 
10 The catalyst obtained by the same preparation method which 
was mentioned above was named "Catalyst a". 

4) In a glass test reactor tube having an inner 
diameter of 15 mm, in which a thermocouple-protective tube 
having an outer diameter of 6 mm was inserted, above- 
15 prepared Catalysts a, b and c were charged in a volume 

ratio of 2:13:5 (a:b:c) in a reactor in this order from 
the inlet of a reactor. Each Catalyst had been diluted 
with the same volume ratio of a-alumina spheres having a 
diameter of 2 mm (SSA 995 manufactured by NIKKATO) . The 
20 charged volumes of Catalysts a, b and c were as follows: 

Catalyst a: 0.68 ml (0.89 g) 

Catalyst b: 4.33 ml (4.42 g) 

Catalyst c: 1.69 ml (1.54 g) 

The total volume of charged catalysts was 6.7 ml. 
25 The upper zone of the Catalyst layer was formed by the 
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Catalyst a and the Catalyst b, while the lower zone of the 
Catalyst layer was formed by the Catalyst c, and each zone 
was heated in a respective electric furnace. 

Hydrogen chloride gas and oxygen gas were supplied and 
flowed under atmospheric pressure from the upper zone to 
the lower zone at flow rates of 50 ml/min. and 25 ml/min., 
respectively (each converted to a volume at 0°C under 101 
kPa.) This reaction operation was carried out for 80 hours 
under the above conditions while maintaining the conversion 
of hydrogen chloride at higher than 70 %. After 80 hours, 
the internal temperature (hot spot) of the upper zone in 
the test reactor tube was 343°C, while that of the lower 
zone was 297°C. At this time, the gas from the outlet of 
the test reactor tube was sampled by passing it through an 
aqueous 30 mass % potassium iodide solution, and the amount 
of chlorine formed and the amount of unreacted hydrogen 
chloride were determined by iodometric titration and 
neutralization titration, respectively. The conversion of 
hydrogen chloride was 91.2 %. 

5) Furthermore, the activity of Catalyst c was 
measured as follows: 

The activity of Catalyst c was represented by M(c) . 

Catalyst c was isolated from the mixture of Catalyst c 
and the a-alumina carrier used in the step 4), and one gram 
of Catalyst c was thoroughly mixed again with the 



,1 O O B S !! jP 1 tt . O ~H jP iht f I ?? 



WO 01/10550 PCT/JP00/05229 

116 

commercially available spherical oc-alumina carrier having a 
diameter of 2 mm (SSA 995 manufactured by NIKKATO) (4 g) to 
dilute Catalyst c, and diluted Catalyst c was charged in a 
quartz reactor tube having an inner diameter of 12 mm. 
5 Then, hydrogen chloride gas and oxygen gas were supplied in 
the quartz reactor tube under atmospheric pressure at flow 
rates of 77 ml/min. and 77 ml/min., respectively (each 
converted to a volume at 0°C under 101 kPa . ) The quartz 
reactor tube was heated in an electric furnace to keep the 

10 internal temperature (hot spot) at 299°C. When 2,2 hours 

after the start of the reaction, the gas from the outlet of 
the reactor tube was sampled by passing it through an 
aqueous 30 mass % potassium iodide solution, and the amount 
of chlorine formed and the amount of unreacted hydrogen 

15 chloride were determined by iodometric titration and 
neutralization titration, respectively. 

The chlorine formation activity per unit mass of the 
catalyst, which was calculated according to the following 
equation, was 8.6 x 10~ 4 mol/min . g-cat . : 

20 Chlorine formation activity per unit mass of the 
catalyst (mol/min. g-cat . ) = 

Amount of outlet chlorine formed per unit time (mol/min.)/ 
weight of catalyst (g) 

6) In this step, the same Catalysts a and c as those 
25 used in the step 4) were used. As Catalyst b, one prepared 
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by the same method as that of the step 2) was used. 

In a nickel test reactor tube having an inner diameter 
of 14 mm, in which a thermocouple-protective tube having an 
outer diameter of 5 mm was inserted, Catalysts a, b and c 
5 were charged in a volume ratio of 2:13:5 (a:b:c) from the 
inlet of a reactor. Each Catalyst had been diluted with 

the same volume ratio of a-alumina spheres having a 
diameter of 2 mm (SSA 995 manufactured by NIKKATO) . The 
charged volumes of Catalysts a, b and c were as follows: 
10 Catalyst a: 1.73 ml (2.27 g) 

Catalyst b: 11.13 ml (11.35 g) 

Catalyst c: 4.33 ml (3.94 g) 

The total volume of charged catalysts was 17.2 ml. 
The upper zone of the Catalyst layer was formed by the 
15 Catalyst a and the Catalyst b, while the lower zone of the 
Catalyst layer was formed by the Catalyst c, and each zone 
was heated in a respective electric furnace. 

Hydrogen chloride gas and oxygen gas were supplied and 
flowed under atmospheric pressure from the upper zone to 
20 the lower zone at flow rates of 130 ml/min. and 65 ml/min., 
respectively (each converted to a volume at 0°C under 101 
kPa . ) This reaction operation was carried out for 512 
hours under the same conditions while maintaining the 
conversion of hydrogen chloride at higher than 70 %. After 
25 512 hours, the internal temperature (hot spot) of the upper 
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zone in the test reactor tube was 352 °C, while that of the 
lower zone was 301°C. At this time, the conversion of 
hydrogen chloride was 91.1 %. 

7) Furthermore, the activity of Catalyst c was 
5 measured as follows: 

This activity of Catalyst c was represented by N(c) . 

Catalyst c was isolated from the mixture of Catalyst c 
and the a-alumina carrier used in the step 6), and 2.5 
grams of Catalyst c was thoroughly mixed again with the 
10 commercially available spherical a-alumina carrier having a 
diameter of 2 mm (SSA 995 manufactured by NIKKATO) (10 g) 
to dilute Catalyst c, and diluted Catalyst c was charged in 
a quartz reactor tube having an inner diameter of 12 mm. 
Then, hydrogen chloride gas and oxygen gas were supplied in 
15 the quartz reactor tube under atmospheric pressure at flow 
rates of 192 ml/min. and 192 ml/min., respectively. The 
quartz reactor tube was heated with an electric furnace to 
keep the internal temperature (hot spot) at 300°C. When 
2.0 hours after the start of the reaction, the chlorine 
20 formation activity per unit mass of the catalyst was 7.6 x 
10" 4 mol/min . g-cat . 

Accordingly, the ratio of N(c) to M(c) [N(c)/M(c)] was 

0.89. 

From the above result, it can be seen that Catalyst c 
25 had the high catalytic activity, and could produce chlorine 



t o opmkh o s 3. ... o s: e: or^ 



WO 01/10550 PCT/JP00/05229 

119 

with a smaller amount of the catalyst at a lower 
temperature. Furthermore, when Catalyst c was used in the 
above chlorine formation reaction, it had a longer life. 
Example 11 

5 1) The first catalyst of this Example was prepared as 

follows . 

To titanium oxide powder (STR-60R (100 % rutile 
crystal) manufactured by Sakai Chemical Industry Co., Ltd.) 
(80.0 g) , pure water (64.2 g) and titanium oxide sol (CSB 

10 (Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 

Industry Co., Ltd.) (10.6 g) were added and kneaded. A dry 
air was blown onto the kneaded mixture at room temperature 
to dry the mixture until an adequate viscosity was reached. 
The mixture was molded by extrusion in the form of 

15 noodles having a diameter of 1.5 mm<f>, and dried under air 
at 60°C for 4 hours to obtain white noodle-form titanium 
oxide . 

The obtained titanium oxide solid was heated under air 
from room temperature to 800°C over 2.2 hours and calcined 
20 at the same temperature for 3 hours to obtain white noodle- 
form titanium oxide (72.1 g) . 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 
oxide carrier. 

25 Then, the carrier (20.0 g) was impregnated with an 
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aqueous solution of commercially available ruthenium 
chloride (RuCl 3 .nH 2 0, ruthenium content: 37.3 mass %) (2.04 
g) dissolved in pure water (8.18 g) , and dried at 60°C for 
2 hours . 

5 The obtained solid was dipped in a solution containing 

2N aqueous solution of potassium hydroxide (10.6 g) , pure 
water (120 g) and hydrazine monohydrate (2.55 g) . Bubbling 
was observed as soon as the calcined solid was dipped in 
the solution. After 1 hour, the supernatant was removed by 

10 filtration. Then, pure water (500 ml) was added to the 
recovered solid and the solid was washed for 30 minutes, 
followed by filtration. The washing and filtration were 
repeated five times. The pH of the first wash liquid was 
9.7, and that of the fifth wash liquid was 5.9. 

15 Another two portions of the same solid were prepared 

by the same method as above, and three portions of the 
solid were combined. 

To the filtrated solid, a 0.5 mol/1 aqueous solution 
of potassium chloride (150 g) was added, and stirred, 

20 followed by recovering of the solid by filtration. The 
same operation was repeated three times. 

The obtained solid was dried at 60°C for 4 hours to 
obtain the gray solid. 

Then, the gray solid was heated under air from room 

25 temperature to 350°C over 1 hour and calcined at the same 
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temperature for 3 hours to obtain the bluish gray solid. 

After calcination, pure water (500 ml) was added to 
the bluish gray solid and the mixture was stirred, followed 
by recovering of the solid by filtration. The same 
operation was repeated five times. Thereafter, an aqueous 
solution of silver nitrate was dropwise added to the wash 
liquid to confirm that no potassium chloride remained. 

Thereafter, the solid was dried at 60°C for 4 hours to 
obtain an extruded bluish gray ruthenium oxide catalyst 
supported on titanium oxide (61.6 g) . 

A packing density of the obtained catalyst was 
measured and calculated in the same manner as that of 
Example 10. The packing density was 0.83 g/ml . 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 +Ti0 2 ) ] x 100 ^4.8 mass % 

The calculated content of ruthenium was as follows: 
[Ru/ (Ru0 2 + Ti0 2 ) ] x 100 = 3.6 mass % 
The obtained catalyst is named "Catalyst d" . 
2) The second catalyst of this Example was prepared as 
follows . 

Titanium oxide powder (STR-60R (100 % rutile crystal) 
manufactured by Sakai Chemical Industry Co., Ltd.) (64.0 g) 
and a-alumina powder (AES-12 manufactured by Sumitomo 
Chemical Co., Ltd.) (16.0 g) were thoroughly mixed. To the 
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mixture, titanium oxide sol (CSB (Ti0 2 content: 38 mass %) 
manufactured by Sakai Chemical Industry Co., Ltd.) (10.6 g) 
and pure water (49.3 g) were added and kneaded. 

This mixture was molded by extrusion in the form of 
5 noodles having a diameter of 1.5 mm<f>, and dried under air 
at 60°C for 4 hours to obtain white noodle-form titanium 
ox ide-a- alumina . 

The obtained white noodle-form titanium oxide-a- 
alumina was heated under air from room temperature to 600°C 
10 over 1.6 hours and calcined at the same temperature for 3 
hours to obtain white noodle-form titanium oxide-a-alumina 
(73.9 g) . 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 

15 oxide-a-alumina carrier. 

Then, the carrier (20.0 g) was impregnated with an 
aqueous solution of commercially available ruthenium 
chloride (RuCl 3 .nH 2 0, ruthenium content: 37.3 mass %) (2.03 
g) dissolved in pure water (7.9 g) and dried at 60°C for 2 

20 hours. 

The obtained solid was dipped in a solution containing 
2N aqueous solution of potassium hydroxide (10.5 g) , pure 
water (120 g) and hydrazine monohydrate (2.55 g) . Bubbling 
was observed as soon as the calcined solid was dipped in 
25 the solution. After 1 hour, the supernatant was removed by 
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filtration. Then, pure water (500 ml) was added to the 
recovered solid and the solid was washed for 30 minutes, 
followed by filtration. The washing and filtration were 
repeated five times. The pH of the first wash liquid was 
5 9.2, and that of the fifth wash liquid was 5.8. Another 
two portions of the same solid were prepared by the same 
method as above, and three portions of the solid were 
combined. 

To the filtrated solid, a 0.5 mol/1 aqueous solution 
10 of potassium chloride (50 g) was added, and stirred, 

followed by recovering of the solid by filtration. The 

same operation was repeated three times. 

The obtained solid was dried at 60°C for 4 hours to 

obtain the gray solid (62.4 g) . 
15 Then, the gray solid was heated under air from room 

temperature to 350 °C over 1 hour and calcined at the same 

temperature for 3 hours to obtain the bluish gray solid 

(61.5 g) . 

After calcination, pure water (500 ml) was added to 
20 the bluish gray solid and the mixture was stirred, followed 
by recovering of the solid by filtration. The same 
operation was repeated five times. Thereafter, an aqueous 
solution of silver nitrate was dropwise added to the wash 
liquid to confirm that no potassium chloride remained. 
25 Thereafter, the solid was dried at 60°C for 4 hours to 
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obtain an extruded bluish gray ruthenium oxide catalyst 
supported on titanium oxide-a-alumina (60.6 g) . The 
packing density of this catalyst was 0.89. 

The calculated content of ruthenium oxide was as 
5 follows: 

[Ru0 2 / (Ru0 2 +Ti02+a-Al20 3 ) ] x 100 = 4.8 mass % 

The calculated content of ruthenium was as follows: 

[Ru/ (Ru0 2 + Ti0 2 +a-Al 2 0 3 ) ] x 100 = 3.6 mass % 
The obtained catalyst was named "Catalyst c" . 
10 3) The third catalyst of this Example was prepared as 

follows . 

Titanium oxide powder (STR-60R (100 % rutile crystal) 
manufactured by Sakai Chemical Industry Co., Ltd.) (40.1 g) 
and a-alumina powder (AES-12 manufactured by Sumitomo 

15 Chemical Co., Ltd.) (40.0 g) were thoroughly mixed. To the 
mixture, the mixed solution of titanium oxide sol (CSB 
(Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 
Industry Co., Ltd.) (10.6 g) and pure water (31.0 g) was 
added and kneaded. 

20 This mixture was molded by extrusion in the form of 

noodles having a diameter of 1.5 mm</>, and dried under air 
at 60°C for 4 hours to obtain white noodle-form titanium 

oxide-a-alumina . 

The obtained white noodle-form titanium oxide-a- 
25 alumina was heated under air from room temperature to 600°C 
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over 1.6 hours and calcined at the same temperature for 3 
hours to obtain white noodle-form titanium oxide-a-alumina 
(75.4 g) . 

After calcination, the noodle-form solid was cut to a 
5 length of about 5 mm to obtain an extruded white titanium 
oxide-a-alumina carrier. The same carrier was prepared by 
the same method as above, and two portions of the prepared 
carrier were combined. 

Then, the carrier (20.0 g) was impregnated with an 
10 aqueous solution of commercially available ruthenium 

chloride <RuCl 3 .nH 2 0, ruthenium content: 37.3 mass %) (1.62 
g) dissolved in pure water (5.86 g) and dried at 60°C for 2 
hours . 

The obtained solid was dipped in a solution containing 
15 2N aqueous solution of potassium hydroxide (8.38 g) , pure 
water (40 g) and hydrazine monohydrate (2.04 g) . Bubbling 
was observed as soon as the calcined solid was dipped in 
the solution. After 1 hour, the supernatant was removed by 
filtration. Then, pure water (500 ml) was added to the 
20 recovered solid and the solid was washed for 30 minutes, 
followed by filtration. The washing and filtration were 
repeated five times. The pH of the first wash liquid was 
9.7, and that of the fifth wash liquid was 7.0. 

To the filtrated solid, a 0.5 mol/1 aqueous solution 
25 of potassium chloride (50 g) was added, and stirred, 
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followed by recovering of the solid by filtration. The 
same operation was repeated three times. 

The obtained solid was dried at 60°C for 4 hours to 
obtain the gray solid. Furthermore, another two portions 
5 of the gray solid were produced by the same method, and 
three portions were combined. 

Then, the gray solid was heated under air from room 
temperature to 350 °C over 1 hour and calcined at the same 
temperature for 3 hours to obtain the bluish gray solid. 
10 The bluish gray solid was prepared by the same method as 

above, and two portions of the prepared solid were combined. 

After calcination, pure water (500 ml) was added to 
the bluish gray solid and the mixture was stirred, followed 
by recovering of the solid by filtration. The same 
15 operation was repeated five times. Thereafter, an aqueous 
solution of silver nitrate was dropwise added to the wash 
liquid to confirm that no potassium chloride remained. 

Thereafter, the solid was dried at 60°C for 4 hours to 
obtain an extruded bluish gray ruthenium oxide catalyst 
20 supported on titanium oxide-a-alumina (124.6 g) . The 
packing density of this catalyst was 1.02 g/ml . 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 +Ti02+a-Al 2 03) ] x 100 = 3.8 mass % 
25 The calculated content of ruthenium was as follows: 
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[Ru/(Ru0 2 + TiO 2 +0t-Al 2 O 3 ) ] x 100 = 2.9 mass % 
The obtained catalysy is named "Catalyst b" . 
4) The fourth catalyst of this .Example was prepared as 
follows . 

5 A commercially available a- alumina (AES-12 

manufactured by Sumitomo Chemical Co., Ltd.) (30.1 g) , 
ruthenium chloride (RuCl 3 .nH 2 0, ruthenium content: 37.3 
mass %) (1.62 g), pure water (3.0 g) and alumina sol 
(ALUMINA SOL 200 manufactured by Nissan Chemical Industries, 

10 Ltd.) (8.53 g) were thoroughly mixed. A dry air was blown 
onto the mixture at room temperature to dry the mixture 
until an adequate viscosity was reached. 

This mixture was molded by extrusion in the form of 
noodles having a diameter of 1.5 mm<f> , and dried under air 

15 at 60 °C for 4 hours to obtain brown noodle-form ruthenium 

oxide-a-alumina . 

The obtained brown noodle- form ruthenium oxide-a- 
alumina was heated under air from room temperature to 350 °C 
over 1 hour and calcined at the same temperature for 3 
20 hours to obtain gray noodle-form ruthenium oxide catalyst 

supported on a-alumina (25.8 g) . 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 +a-Al 2 0 3 ) ] x 100 = 2.5 mass % 
25 The calculated content of ruthenium was as follows: 
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[Ru/ (Ru0 2 +a-Al 2 0 3 ) ] x 100 = 1.9 mass % 

The obtained catalyst (packing density: 1.31 g/ml) was 
named "Catalyst a". 

5) In a nickel test reactor tube having an inner 
5 diameter of 14 mm, in which a thermocouple-protective tube 
having an outer diameter of 6 mm was inserted, above- 
prepared Catalysts a, b, c and d were charged in a weight 
ratio of 10:50:25:25 <a:b:c:d) from the inlet of a reactor. 
Each Catalyst had been diluted with the same volume ratio 
10 of a-alumina spheres having a diameter of 2 mm (SSA 995 

manufactured by NIKKATO) . The charged volumes of Catalysts 
a, b, c and d were as follows: 

Catalyst a: 1.73 ml (2.27 g) 

Catalyst b: 6.94 ml (7.08 g) 
15 Catalyst c: 4.31 ml (3.83 g) 

Catalyst d: 4.32 ml (3.58 g) 

The total volume of charged catalysts was 17.3 ml. 
The upper zone of the Catalyst layer was formed by the 
Catalyst a, the Catalyst b and the Catalyst c, while the 
20 lower zone of the Catalyst layer was formed by the Catalyst 
d, and each zone was heated in a respective electric 
furnace . 

Hydrogen chloride gas and oxygen gas were supplied and 
flowed under atmospheric pressure from the upper zone to 
25 the lower zone at flow rates of 130 ml/min. and 65 ml/min., 
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respectively (each converted to a volume at 0°C under 101 
kPa.) This reaction operation was carried out for 2239 
hours while maintaining the conversion of hydrogen chloride 
at higher than 89 %. After 2239 hours, the internal 
5 temperature (hot spot) of the upper zone in the test 

reactor tube was 367°C, while that of the lower zone was 
308 °C. At this time, the gas from the outlet of the test 
reactor tube was sampled by passing it through an aqueous 
30 mass % potassium iodide solution, and the amount of 

10 chlorine formed and the amount of unreacted hydrogen 
chloride were determined by iodometric titration and 
neutralization titration, respectively. The conversion of 
hydrogen chloride was 90.6 %. 

5) Furthermore, the activity of Catalyst d was 

15 measured as follows: 

Catalyst d (2.5 g) was diluted by mixing with the 
commercially available spherical a-alumina carrier having a 
diameter of 2 mm (SSA 995 manufactured by NIKKATO) (10 g) , 
and diluted Catalyst d was charged in a quartz reactor tube 

20 having an inner diameter of 12 mm. Then, hydrogen chloride 
gas and oxygen gas were supplied in the quartz reactor tube 
under atmospheric pressure at flow rates of 192 ml/min. and 
192 ml/min., respectively (each converted to a volume at 
0°C under 101 kPa.) The quartz reactor tube was heated in 

25 an electric furnace to keep the internal temperature (hot 
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spot) at 300°C. When 2.0 hours after the start of the 
reaction, the gas from the outlet of the reactor tube was 
sampled by passing it through an aqueous 30 mass % 
potassium iodide solution, and the amount of chlorine 
5 formed and the amount of unreacted hydrogen chloride were 
determined by iodometric titration and neutralization 
titration, respectively . 

After the following time period from the start of the 
reaction, a portion of Catalyst d was removed from the 
10 reactor, and the chlorine formation activity per unit mass 
of Catalyst d was calculated according to the following 
equation : 

Chlorine formation activity per unit mass of the 
catalyst (mol/min. g-cat . ) = 
15 Amount of outlet chlorine formed per unit time (mol/min.)/ 
weight of catalyst (g) 

The results are as follows: 

Initial: 6.9 x 10~ 4 mol/min . g-cat . 

After 502 hours: 5.9 x 10~ 4 mol/min . g-cat . 

20 After 984 hours: 5.1 x 10~ 4 mol/min . g-cat . 

After 1392 hours: 5.4 x 10~ 4 mol/min . g-cat . 

After 1955 hours: 4.7 x 10" 4 mol/min . g-cat . 

After 2239 hours: 4.8 x 10" 4 mol/min . g-cat . 

From the above results, it can be seen that Catalyst d 
25 had the high catalytic activity, and could produce chlorine 
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with a smaller amount of the catalyst at a lower 
temperature. Furthermore, when Catalyst d was used in the 
above chlorine formation reaction, it had a longer life. 
Example 12 

5 1) The first catalyst of this Example was prepared as 

follows . 

To titanium oxide powder (STR-60R (100 % rutile 
crystal) manufactured by Sakai Chemical Industry Co., Ltd.) 
(60.0 g) , pure water (44.8 g) and titanium oxide sol (CSB 
10 (Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 

Industry Co., Ltd.) (7.9 g) were added, mixed and well 
kneaded at room temperature while drying. 

The mixture was molded by extrusion in the form of 
noodles having a diameter of 1.5 mm<£>, and dried under air 
15 at 60°C for 4 hours to obtain white noodle-form titanium 
oxide (58.0 g) . 

The obtained titanium oxide solid was heated under air 
from room temperature to 700°C over 1.9 hours and calcined 
at the same temperature for 3 hours to obtain white noodle- 
20 form titanium oxide (56.5 g) . 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 
oxide carrier. 

Then, the carrier (20.0 g) was impregnated with an 
25 aqueous solution of commercially available ruthenium 
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chloride (RuCl 3 .nH 2 0, ruthenium content: 38.2 mass %) (2.39 
g) dissolved in pure water (10.4 g) , dried at room 
temperature overnight, and further dried at 60°C for 2 
hours . 

5 The obtained solid was heated under air from room 

temperature to 350°C over 1.8 hours while supplying an air 
at a flow rate of 200 ml/min. and calcined at the same 
temperature for 2 hours to obtain an extruded black 
ruthenium oxide catalyst supported on titanium oxide (20.9 
10 g) . 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 +Ti0 2 ) ] x 100 = 5.6 mass % 

The calculated content of ruthenium was as follows: 
15 [Ru/ (Ru0 2 +Ti0 2 ) ] x 100 = 4.3 mass % 

The obtained catalyst is named "Catalyst b" . 
Measuring method of EXAFS 

The EXAFS spectrum at the Ru K absorption edge of 
Catalyst b was measured with the XAFS spectrometer 

20 installed at the Beamline 10B (BL-10B) in the Photon 

Factory, the Institute of Materials Structure Science, the 
High Energy Accelerator Research Organization. Using the 
monochromater employed a Si (311) channel-cut crystal, the 
intensity of incident X-ray (10) was measured with a 17 cm 

25 ion chamber filled with argon as a gas at room temperature, 
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while the intensity of transmitted X-ray (It) was measured 
with a 31 cm ion chamber filled with krypton as a gas at 
room temperature. 

In the above measurement, the interval of measuring 
5 points and the dwell time for acquiring both signals per 
one measuring point in each block were as follows: 

In the first block of the energy (E) of incident X-ray 
from 21,590 eV to 22,040 eV, the interval was 6.43 eV, and 
the dwell time was one second at each point (the number of 
10 the measuring points was 70) . 

In the second block of the energy (E) of incident X- 
ray from 22,040 eV to 22,190 eV, the interval was 1 eV, and 
the duel time was one second at each point (the number of 
the measuring points was 150) . 
15 In the third block of the energy (E) of incident X-ray 

from 22,190 eV to 22,590 eV, the interval was 2.5 eV, and 
the duel time was two seconds at each point (the number of 
the measuring points was 160) . 

In the forth block of the energy (E) of incident X-ray 
20 from 22, 590 eV to 23, 190 eV, the interval was 6 eV, and the 
duel time was two seconds at each point (the number of the 
measuring points was 101). 

The calibration of the energy (E) of incident X-ray 
was conducted by setting the angle of the monochromater to 
25 24.934 degree at the energy (8980.3 eV) of the pre-edge 
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peak in the X-ray Absorption Near-Edge Structure (XANES) 
spectrum of copper metal at the K absorption edge. 
Analysis of EXAFS 

The energy E0 at the absorption edge of Catalyst b was 
5 regarded as 22,123 eV, which is the same as the K 

absorption edge energy E0 of ruthenium oxide. Here, the 
energy EO of the absorption edge means the energy of the 
first inflection point in the spectrum around the X-ray 
absorption edge. 

10 Then, the pre-edge background was determined by 

fitting of the data before the edge to the Victoreen 
formula (AX 3 ~BA, 4 + C in which A, is a wavelength of the 
incident X-ray, and A, B and C are constants), and 
subtracted from the measured values, and then the EXAFS 

15 function %(k) is extracted by subtracting the smooth 

background absorption by the isolated atoms estimated by 
the weighted cubic spline method. The wave number "k" of 
photoelectrons is defined as k=5.123 x (E-E0) 1/2 in the unit 
of nnf 1 . 

20 Finally, the EXAFS function k 3 x(k), which is weighed 

by k 3 , is Fourier transformed in the range of k from 27 nm" 1 
to 159 nm" 1 to obtain the radial distribution function. 
Here, the Hanning function was used as the window function 
of the Fourier transform, and the window width was 0.5 nm" 1 . 

25 As ruthenium oxide having a particle size of 10 nm or 
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more, ruthenium oxide manufactured by NE Chemcat (average 
particle size: 25.9 run) was used, and the radial 
distribution function was obtained in the same manner as in 
the case of above Catalyst b. 
5 The peak intensity ratio A(b) was 0.69, when it was 

calculated by dividing the peak intensity of Catalyst b by 
the peak intensity of ruthenium oxide having the particle 
size of 10 nm or more with respect to the peak of the 
radial distribution function near 0.32 nm. 

10 The above-obtained ruthenium oxide catalyst supported 

on titanium oxide (2.5 g) was filled in the reactor in the 
same manner as that in Example 1, and the reaction was 
carried out in the same manner as that in Example 1 . When 
1.8 hours after the start of the reaction, the chlorine 

15 formation activity per unit mass of the catalyst C(b) was 
6.55 x 10" 4 mol/min. g-cat . 

2) The second catalyst of this Example was prepared as 
follows . 

A commercially available a-alumina powder (AES-12 
20 manufactured by Sumitomo Chemical Co., Ltd.) (30.1 g) , 
ruthenium chloride (RuCl 3 .nH 2 0, ruthenium content: 37.3 
mass %) (1.62 g), pure water (3.0 g) and alumina sol 
(ALUMINA SOL 200 manufactured by Nissan Chemical Industries, 
Ltd.) (8.53 g) were thoroughly mixed. A dry air was blown 
25 onto the mixture at room temperature to dry the mixture 
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until an adequate viscosity was reached. 

This mixture was molded by extrusion in the form of 
noodles having a diameter of 1.5 mm$, and dried under air 
at 60°C for 4 hours to obtain brown noodle-form ruthenium 

5 oxide-a-alumina . 

The obtained brown noodle-form ruthenium oxide-a- 
alumina was heated under air from room temperature to 350°C 
over 1 hour and calcined at the same temperature for 3 
hours to obtain gray noodle-form ruthenium oxide catalyst 

10 supported on a-alumina (25.8 g) . 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 +a-Al 2 0 3 ) ] x 100 = 2.5 mass % 

The calculated content of ruthenium was as follows: 

15 [Ru/ (Ru0 2 +a-Al 2 0 3 ) ] x 100 = 1.9 mass % 

The obtained catalyst was named "Catalyst a". 
Then, Catalyst a (2.5 g) was filled in the reactor in 
the same manner as that in Example 1, and the reaction was 
carried out in the same manner as that in Example 1 . When 
20 2.0 hours after the start of the reaction, the chlorine 

formation activity per unit mass of the catalyst was 2.18 x 
10" 4 mol/min. g-cat . 

To measure B(b) of Catalyst b, the following test 
reaction was carried out: 
25 Catalyst a (0.25 g) was charged in a quartz tube 
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reactor having an inner diameter of 14 mm without dilution 
from the inlet of the reactor. Catalyst b (2.50 g) was 
thoroughly mixed with the commercially available spherical 
a-alumina carrier having a diameter of 2 mm (SSA 995 
5 manufactured by NIKKATO) (20 g) to dilute Catalyst b, and 
diluted Catalyst b was charged in the quartz reactor. The 
catalyst a and b were charged in a reactor in this order 
from the inlet of the reactor. Then, hydrogen chloride gas 
and oxygen gas were supplied in the quartz reactor tube 

10 under atmospheric pressure at flow rates of 192 ml/min. 
(0.51 mol/h) and 96 ml/min. (0.26 mol/h) , respectively 
(each converted to a volume at 0°C under 101 kPa.) The 
quartz reactor tube was heated in an electric furnace to 
keep the temperature in the catalyst layer in the range of 

15 320-360±l°C, and maintain the internal temperature (hot 

spot) at 360±1°C. Then, the reaction was continued for 50 
hours under the above conditions. After that, Catalyst b 
was recovered, and recovered Catalyst b was subjected to 
the measurement of its chlorine formation activity. 

20 That is, recovered Catalyst b (2.5 g) was filled in 

the reactor in the same manner as that in Example 1, and 
the reaction was carried out in the same manner as that in 
Example 1. When 3.0 hours after the start of the reaction, 
the chlorine formation activity per unit mass of the 

25 catalyst D(b) was 5.75 x 10~ 4 mol/min . g-cat . 
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Then, the peak intensity ratio B(b) of Catalyst b 
after the reaction was calculated in the same way as in the 
calculation of the peak intensity ratio A(b) by the EXAFS 
method. The B(b) ratio was 0.80. 
5 Thus, B(b)/A(b) was 1.16. 

The ratio of the catalytic activity after the 50 hours 
reaction to the initial catalytic activity, D(b)/C(b) was 
0.88. 

Example 13 

10 1) A catalyst of this Example was prepared as follows. 

Titanium oxide powder (STR-60R (100 % rutile crystal) 
manufactured by Sakai Chemical Industry Co., Ltd.) (800 g) 
and an organic binder (16 g) were well mixed. To this 
mixture, pure water (360 g) and titanium oxide sol (CSB 

15 (Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 

Industry Co., Ltd.) (133 g) were added, mixed and well 
kneaded . 

The mixture was molded by extrusion in the form of 
noodles having a diameter of 1.5 miui(J>, and dried under air 
20 at 110°C for 14 hours to obtain white noodle-form titanium 
oxide. The noodle-form solid was cut to a length of about 
5 to 3 mm to obtain white titanium oxide solid. 

Then, the solid (450 g) was heated from room 
temperature to 700 °C over 3 hours and calcined at the same 
25 temperature for 3 hours to obtain the extruded white 
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titanium oxide carrier (434 g) . 

Thereafter, the carrier (50.0 g) was impregnated with 
an aqueous solution of commercially available ruthenium 
chloride (RuCl3.nH 2 0, ruthenium content: 39.6 mass %) (5.78 
g) dissolved in pure water (23.5 ml) , dried at room 
temperature for 3 hours and dried at 60 °C for 20 minutes, 
and then at 110°C for 14 hours. 

The obtained solid was heated from room temperature to 
300°C over 2.0 hours while supplying an air at a flow rate 
of 1 1/min. and calcined at the same temperature for 2 
hours to obtain an extruded black ruthenium oxide catalyst 
supported on titanium oxide (52.8 g) . 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 + Ti0 2 ) ] x 100 = 5.65 mass % 

The calculated content of ruthenium was as follows: 

[Ru/ (Ru0 2 +Ti0 2 ) ] x 100 = 4.3 mass % 

The obtained catalyst is named "Catalyst b" . 

With Catalyst b, the peak intensity ratio A(b) of the 
radial distribution function was measured by the EXAFS 
method in the same manner as that in Example 12. 

The peak intensity ratio A(b) was 0.49, when it was 
calculated by dividing the peak intensity of Catalyst b by 
the peak intensity of ruthenium oxide having the particle 
size of 10 nm or more with respect to the peak of the 
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radial distribution function near 0.32 run. 

The above-obtained ruthenium oxide catalyst supported 
on titanium oxide (2.5 g) was filled in the reactor in the 
sam manner as that in Example 1, and the reaction was 
5 carried out in the same manner as that in Example 1. When 
1.8 hours after the start of the reaction, the chlorine 
formation activity per unit mass of the catalyst was 6.9 x 
10" 4 mol/min. g-cat . 

2) To measure B(b) of Catalyst b, the following test 

10 reaction was carried out: 

Catalyst a (0.25 g) was charged in a quartz tube 
reactor having an inner diameter of 14 mm without dilution 
from the inlet of the reactor. Catalyst b (2.50 g) was 
diluted by mixing with the commercially available spherical 

15 a-alumina carrier having a diameter of 2 mm (SSA 995 

manufactured by NIKKATO) (20 g) , and diluted Catalyst b was 
charged in the quartz reactor. The catalyst a and b were 
charged in a reactor in this order from the inlet of the 
reactor. Then, hydrogen chloride gas and oxygen gas were 

20 supplied in the quartz reactor tube under atmospheric 

pressure at flow rates of 192 ml/min. (0.51 mol/h) and 96 
ml/min. (0.26 mol/h), respectively (each converted to a 
volume at 0°C under 101 kPa.) The quartz reactor tube was 
heated in an electric furnace to keep the temperature in 

25 the catalyst layer in the range of 320-360±l°C, and 
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maintain the internal temperature (hot spot) at 360±1°C. 
Then, the reaction was continued for 50 hours under the 
above conditions. 

Then, the peak intensity ratio B(b) of Catalyst b 
5 after the reaction was calculated in the same way as in the 
calculation of the peak intensity ratio A(b) by the EXAFS 
method. The B(b) was 0.67. 

Thus, B(b)/A(b) was 1.37. 

Example 14 

10 A catalyst was prepared as follows. 

Titanium oxide powder (STR-60R (100 % rutile crystal) 
manufactured by Sakai Chemical Industry Co., Ltd.) (30.0 g) 
and aluminum oxide powder (AES-12 manufactured by Sumitomo 
Chemical Co., Ltd.) (30.0 g) were thoroughly mixed. To the 

15 mixture, pure water (22.6 g) and titanium oxide sol (CSB 
(Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 
Industry Co., Ltd.) (7.9 g) were added, mixed and well 
kneaded at room temperature while drying. 

This mixture was molded by extrusion in the form of 

20 noodles having a diameter of 1.5 mm<f>, and dried under air 
at 60°C for 2 hours to obtain white noodle-form titanium 

oxide-a-alumina . 

Then, 36.1 g of this solid from the obtained white 

noodle-form titanium oxide-a-alumina was heated under air 
25 from room temperature to 600°C over 1.7 hours and calcined 
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at the same temperature for 3 hours to obtain white noodle- 
form titanium oxide-a-alumina (35.4 g) . 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 

oxide-a-alumina carrier . 

Then, the carrier (30.0 g) was impregnated with an 
aqueous solution of commercially available ruthenium 
chloride (RuCl 3 .nH 2 0, ruthenium content: 38.2 mass %) (2.39 
g) dissolved in pure water (7.00 g) , dried at room 
temperature overnight and further dried at 60°C for 2 hours. 

The obtained solid was heated from room temperature 
to 350°C over 1.8 hours while supplying an air at a flow 
rate of 200 ml/1 and calcined at the same temperature for 2 
hours to obtain an extruded black ruthenium oxide catalyst 
supported on titanium oxide-a-alumina (31.0 g) . 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 +Ti0 2 +a-Al 2 0 3 ) ] x 100 = 3.8 mass % 

The calculated content of ruthenium was as follows: 

[Ru/ (Ru0 2 + Ti0 2 +a-Al 2 0 3 ) ] x 100 = 2.9 mass % 

The obtained catalyst was named "Catalyst b". 

With Catalyst b, the peak intensity ratio A(b) of the 
radial distribution function was measured by the EXAFS 
method in the same manner as that in Example 12. 

The peak intensity ratio A(b) was 0.66, when it was 
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calculated by dividing the peak intensity of Catalyst b by 
the peak intensity of ruthenium oxide having the particle 
size of 10 nm or more with respect to the peak of the 
radial distribution function near 0.32 nm. 

The above-obtained ruthenium oxide catalyst supported 
on titanium oxide-a-alumina (2.5 g) was filled in the 
reactor in the same manner as that in Example 1, and the 
reaction was carried out in the same manner as that in 
Example 1 except that the oxygen gas was supplied at a flow 
rate of 206 ml/min. and the internal temperature (hot spot) 
was maintained at 301 °C. When 2 hours after the start of 
the reaction, the chlorine formation activity per unit mass 
of the catalyst C(b) was 5.15 x 10~ 4 mol/min . g-cat . 

To measure the chlorine formation activity after 50 
hours reaction D(b), the following test reaction was 
carried out. 

Catalyst a (0.25 g) , which is the same as Catalyst a 
used in Example 12, was charged in a quartz tube reactor 
having an inner diameter of 14 mm without dilution from the 
inlet of the reactor. Catalyst b (2.50 g) was diluted by 

mixing with the commercially available spherical a-alumina 
carrier having a diameter of 2 mm (SSA 995 manufactured by 
NIKKATO) (20 g) , and diluted Catalyst b was charged in the 
quartz reactor. The catalyst a and b were charged in a 
reactor in this order from the inlet of the reactor. Then, 
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hydrogen chloride gas and oxygen gas were supplied in the 
quartz reactor tube under atmospheric pressure at flow 
rates of 192 ml/min. (0.51 mol/h) and 96 ml/min. (0.26 
mol/h) , respectively (each converted to a volume at 0°C 
under 101 kPa.) The quartz reactor tube was heated in an 
electric furnace to keep the temperature in the catalyst 
layer in the range of 320-360±l°C, and maintain the 
internal temperature (hot spot) at 360±1°C. Then, the 
reaction was continued for 50 hours under the above 
conditions. After that, Catalyst b was recovered, and 
recovered Catalyst b was subjected to the measurement of 
its chlorine formation activity. 

That is, recovered Catalyst b (2.5 g) was filled in 
the reactor in the same manner as that in Example 1, and 
the reaction was carried out in the same manner as that in 
Example 1 except that hydrogen chloride was supplied at a 
flow rate of 190 ml/min. When 2.0 hours after the start of 
the reaction, the chlorine formation activity per unit mass 
of the catalyst D(b) was 4.1 x 10~ 4 mol/min . g-cat . 

Thus, the ratio of the catalytic activity after the 50 
hours reaction to the initial catalytic activity, D(b)/C(b) 
was 0.80. 

Example 15 

A catalyst was prepared as follows. 

Titanium oxide powder (STR-60R (100 % rutile crystal) 
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manufactured by Sakai Chemical Industry Co . , Ltd.) (30,0 g) 
and aluminum oxide powder (AES-12 manufactured by Sumitomo 
Chemical Co . , Ltd.) (30.0 g) were thoroughly mixed. To the 
mixture, pure water (22.5 g) and titanium oxide sol (CSB 
5 (Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 

Industry Co., Ltd.) (7.9 g) were added, added and well 
kneaded. 

This mixture was molded by extrusion in the form of 
noodles having a diameter of 1.5 mm^, and dried under air 
10 at 60°C for 4 hours to obtain white noodle-form titanium 

oxide-a-alumina . 

The white noodle-form titanium oxide-a-alumina was 
heated under air from room temperature to 600 °C over 1.7 
hours and calcined at the same temperature for 3 hours to 
15 obtain white noodle-form titanium oxide-a-alumina (54.8 g) . 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 

oxide-a-alumina carrier . 

Then, the carrier (45.0 g) was impregnated with an 
20 aqueous solution of commercially available ruthenium 

chloride (RuCl 3 .nH 2 0, ruthenium content: 38.2 mass %) (3.53 
g) dissolved in pure water (15.6 g) , dried at room 
temperature overnight and further dried at 60°C for 2 hours. 
Then, 21 g of this solid from the obtained one (48.5 
25 g) was heated from room temperature to 300°C over 1.5 hours 
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while supplying an air at a flow rate of 200 ml/1 and 
calcined at the same temperature for 2 hours to obtain an 
extruded black ruthenium oxide catalyst supported on 

titanium oxide-a-alumina (20.2 g) . 
5 The calculated content of ruthenium oxide was as 

follows : 

[Ru0 2 / (Ru0 2 +Ti0 2 +a-Al 2 0 3 ) ] x 100 = 3.8 mass % 
The calculated content of ruthenium was as follows: 

[Ru/ (Ru0 2 + Ti0 2 +a-Al 2 0 3 ) ] x 100 = 2.9 mass % 
10 The obtained catalyst was named "Catalyst b" . 

With Catalyst b, the peak intensity ratio A(b) of the 
radial distribution function was measured by the EXAFS 
method in the same manner as that in Example 12. 

The peak intensity ratio A(b) was 0.49, when it was 
15 calculated by dividing the peak intensity of Catalyst b by 
the peak intensity of ruthenium oxide having the particle 
size of 10 nm or more with respect to the peak of the 
radial distribution function near 0.32 nm. 

The above-obtained ruthenium oxide catalyst supported 
20 on titanium oxide-a-alumina (2.5 g) was filled in the 

reactor in the same manner as that in Example 1, and the 
reaction was carried out in the same manner as that in 
Example 1 except that the oxygen gas was supplied at a flow 
rate of 193 ml/min. When 2.2 hours after the start of the 
25 reaction, the chlorine formation activity per unit mass of 
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the catalyst C(b) was 5.5 x 10" 4 mol/min . g-cat . 

To measure the chlorine formation activity D(b) after 
50 hours reaction, the following test reaction was carried 
out . 

5 Catalyst a (0.25 g) , which is the same as Catalyst a 

used in Example 12, was charged in a quartz tube reactor 
having an inner diameter of 14 mm without dilution from the 
inlet of the reactor. Catalyst b (2.50 g) was diluted by 
mixing with the commercially available spherical ct-alumina 

10 carrier having a diameter of 2 mm (SSA 995 manufactured by 
NIKKATO) (20 g) , and diluted Catalyst b was charged in the 
quartz reactor. The catalyst a and b were charged in a 
reactor in this order from the inlet of the reactor. Then, 
hydrogen chloride gas and oxygen gas were supplied in the 

15 quartz reactor tube under atmospheric pressure at flow 
rates of 192 ml/min. (0.51 mol/h) and 96 ml/min. (0.26 
mol/h) , respectively (each converted to a volume at 0°C 
under 101 kPa.) The quartz reactor tube was heated in an 
electric furnace to keep the temperature in the catalyst 

20 layer in the range of 320-360+1 °C, and maintain the 

internal temperature (hot spot) at 360±1°C. Then, the 
reaction was continued for 50 hours under the above 
conditions. After that, Catalyst b was recovered, and 
recovered Catalyst b was subjected to the measurement of 

25 its chlorine formation activity. 
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That is, recovered Catalyst b (2.5 g) was filled in 
the reactor in the same manner as that in Example 1 except 
that Catalyst b was diluted with the commercially available 
spherical a-alumina carrier having a diameter of 2 mm (20 
5 g) and then charged in the reactor, and the reaction was 

carried out in the same manner as that in Example 1. When 
1.8 hours after the start of the reaction, the chlorine 
formation activity per unit mass of the catalyst D(b) was 
4.5 x 1CT 4 mol/min. g-cat . 
10 Thus, the ratio of the catalytic activity after the 50 

hours reaction to the initial catalytic activity, D(b)/C(b) 
was 0.81. 

Example 16 

A catalyst of this Example was prepared as follows. 

15 Titanium oxide powder (STR-60R (100 % rutile crystal) 

manufactured by Sakai Chemical Industry Co., Ltd.) (510 g) , 
aluminum oxide powder (AES-12 manufactured by Sumitomo 
Chemical Co., Ltd.) (990 g) and an organic binder (15 g) 
were well mixed. To this mixture, pure water (371 g) and 

20 titanium oxide sol (CSB (Ti0 2 content: 38 mass %) 

manufactured by Sakai Chemical Industry Co., Ltd.) (197 g) 
were added, mixed and well kneaded. 

The mixture was molded by extrusion in the form of 
noodles having a diameter of 1.5 mm<£> , and dried under air 

25 at 110°C for 14 hours to obtain white noodle-form titanium 



WO 01/10550 



PCT/JPOO/05229 



149 



oxide-a-alumina * The noodle- form solid was cut to a length 
of about 3 to 5 mm to obtain white titanium oxide-a-alumina 
solid. 

Then, a sample of 450 g from the obtained solid was 
5 heated from room temperature to 600 °C over 3 hours and 

calcined at the same temperature for 3 hours to obtain the 

extruded white titanium oxide-a-alumina carrier (443 g) . 

Thereafter, the carrier (50,0 g) was impregnated with 
an aqueous solution of commercially available ruthenium 

10 chloride (RuCl 3 .nH 2 0, ruthenium content: 39.6 mass %) (1.96 
g) dissolved in pure water (13.4 ml), kept standing at room 
temperature for 3 hours and dried at 60°C for 20 minutes, 
and then at 110°C for 14 hours. 

The obtained solid (52.7 g) was heated from room 

15 temperature to 300°C over 2.0 hours while supplying an air 
at a flow rate of 1 1/min. and calcined at the same 
temperature for 2 hours to obtain an extruded black 
ruthenium oxide catalyst supported on titanium oxide (50.8 

g) . 

20 The calculated content of ruthenium oxide was as 

follows : 

[Ru0 2 / (Ru0 2 +Ti0 2 +a-Al 2 0 3 ) ] x 100 = 2.0 mass % 

The calculated content of ruthenium was as follows: 

[Ru/ (Ru0 2 +Ti0 2 +a-Al 2 0 3 ) ] x 100 = 1.5 mass % 
25 The obtained catalyst is named "Catalyst b" . 
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The obtained ruthenium oxide catalyst supported on 
titanium oxide-a-alumina (2.5 g) was filled in the reactor 
in the same manner as that in Example 1, and the reaction 
was carried out in the same manner as that in Example 1 
5 except that the internal temperature (hot spot) was 

maintained at 299°C. When 2.1 hours after the start of the 
reaction, the chlorine formation activity per unit mass of 
the catalyst C(b) was 3.83 x 10~ A mol/min . g-cat . 

10 To measure the chlorine formation activity D(b) after 

50 hours reaction, the following test reaction was carried 
out . 

Catalyst a (0.25 g) , which is the same as Catalyst a 
used in Example 12, was charged in a quartz tube reactor 

15 having an inner diameter of 14 mm without dilution from the 
inlet of the reactor. Catalyst b (2.50 g) was diluted by 
mixing with the commercially available spherical a-alumina 
carrier having a diameter of 2 mm (SSA 995 manufactured by 
NIKKATO) (20 g) , and diluted Catalyst b was charged in the 

20 quartz reactor. Then, hydrogen chloride gas and oxygen gas 
were supplied in the quartz reactor tube under atmospheric 
pressure at flow rates of 192 ml/min. (0.51 mol/h) and 96 
ml/min. (0.26 mol/h), respectively (each converted to a 
volume at 0°C under 101 kPa.) The quartz reactor tube was 

25 heated in an electric furnace to keep the temperature in 
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the catalyst layer in the range of 320-360±l°C, and 
maintain the internal temperature (hot spot) at 360±1°C. 
Then, the reaction was continued for 50 hours under the 
above conditions. After that, Catalyst b was recovered, 
5 and recovered Catalyst b was subjected to the measurement 
of its chlorine formation activity. 

That is, recovered Catalyst b (2.5 g) was filled in 
the reactor in the same manner as that in Example 1, and 
the reaction was carried out in the same manner as that in 
10 Example 1 except that hydrogen chloride was supplied at a 

flow rate of 190 ml/min. When 2.0 hours after the start of 
the reaction, the chlorine formation activity per unit mass 
of the catalyst D(b) was 3.26 x 10" 4 mol/min . g-cat . 

Thus, the ratio of the catalytic activity after the 50 
15 hours reaction to the initial catalytic activity, D(b)/C(b) 
was 0.85. 

Example 17 

A catalyst was prepared as follows. 
To titanium oxide powder (STR-60R (100 % rutile 
20 crystal) manufactured by Sakai Chemical Industry Co., Ltd.) 
(60.0 g) , pure water (44.7 g) and titanium oxide sol (CSB 
(Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 
Industry Co., Ltd.) (7.9 g) were added, mixed and well 
kneaded at room temperature. 
25 The mixture was molded by extrusion in the form of 
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noodles having a diameter of 1.5 mm<£, and dried under air 
at 60°C for 4 hours to obtain white noodle-form titanium 
oxide ( 57 . 3 g) . 

The obtained titanium oxide solid was heated under air 
5 from room temperature to 700°C over 1.9 hours and calcined 
at the same temperature for 3 hours to obtain white noodle- 
form titanium oxide (55.6 g) . 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 
10 oxide carrier. 

Then, the carrier (30.0 g) was impregnated with an 
aqueous solution of commercially available ruthenium 
chloride (RuCl 3 .nH 2 0 / ruthenium content: 38.2 mass %) (3.58 
g) dissolved in pure water (10.1 g) and dried at room 
15 temperature overnight to obtain the supported ruthenium 
chloride solid (41.2 g) . 

Then, 10.3 g of this solid from the supported 
ruthenium chloride one was dried at 350°C for 2 hours while 
supplying nitrogen gas at a flow rate of 192 ml/min. to 
20 obtain an extruded black catalyst supported on titanium 
oxide (7.88 g) . 

The above-obtained catalyst supported on titanium 
oxide (2.5 g) was filled in the reactor in the same manner 
as that in Example 1, and the reaction was carried out in 
25 the same manner as that in Example 1. When 1.8 hours after 
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the start of the reaction, the chlorine formation activity 
per unit mass of the catalyst was 6,15 x 10" 4 mol/min . g-cat . 
Example 18 

1) A catalyst was prepared as follows. 
5 To titanium oxide powder (STR-60R (100 % rutile 

crystal) manufactured by Sakai Chemical Industry Co., Ltd.) 
(50.0 g) , pure water (35.1 g) and titanium oxide sol (CSB 
(Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 
Industry Co., Ltd.) (6.6 g) were added and kneaded. 

10 The mixture was molded by extrusion in the form of 

noodles having a diameter of 1.5 mm<}>, and dried under air 
at 60°C for 2 hours to obtain white noodle-form titanium 
oxide (40.2 g) . The same operation was repeated. In total, 
80.7 g of the white noodle-form titanium oxide was obtained. 

15 The obtained titanium oxide solid was heated under air 

from room temperature to 700°C over 1.9 hours and calcined 
at the same temperature for 3 hours to obtain white noodle- 
form titanium oxide. 

After calcination, the noodle-form solid was cut to a 

20 length of about 5 ram to obtain an extruded white titanium 
oxide carrier. 

Then, the carrier (20.0 g) was impregnated with an 
aqueous solution of commercially available ruthenium 
chloride (RuCl 3 .nH 2 0, ruthenium content: 37.3 mass %) (2.55 

25 g) dissolved in pure water (8.65 g) , and dried at 60°C for 
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2 hours. 

Then, the obtained solid was dipped in a solution 
containing 2N aqueous solution of potassium hydroxide (13.2 
g) , pure water (120 g) and hydrazine monohydrate (3.21 g) . 
Bubbling was observed as soon as the dried solid was dipped 
in the solution. After 60 minutes, the supernatant was 
removed by filtration. Then, pure water (500 ml) was added 
to the recovered solid and the solid was washed for 30 
minutes, followed by filtration. The washing and 
filtration were repeated five times. The pH of the first 
wash liquid was 9.0, and that of the fifth wash liquid was 
6.3. 

To the filtrated solid, a 0.5 mol/1 aqueous solution 
of potassium chloride (50 g) was added, and stirred, 
followed by recovering of the solid by filtration. The 
same operation was repeated three times. 

The obtained solid was dried at 60°C for 4 hours to 
obtain the black solid (21.0 g) . 

Then, the black solid was heated under air from room 
temperature to 350°C over 1 hour and calcined at the same 
temperature for 3 hours to obtain the black solid (20.5 g) . 

After calcination, pure water (500 ml) was added to 
the black solid and the mixture was stirred, followed by 
recovering of the solid by filtration. The same operation 
was repeated five times. Thereafter, an aqueous solution 
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of silver nitrate was dropwise added to the wash liquid to 
confirm that no potassium chloride remained. 

Thereafter, the solid was dried at 60°C for 4 hours to 
obtain an extruded black ruthenium oxide catalyst supported 
5 on titanium oxide. 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (RuO 2 +Ti0 2 ) ] X 100 = 5.9 mass % 

The calculated content of ruthenium was as follows: 
10 [Ru/ (Ru0 2 +Ti0 2 ) ] x 100 = 4.5 mass % 

With Catalyst b, the peak intensity ratio A(b) of the 
radial distribution function was measured by the EXAFS 
method in the same manner as that in Example 12. 

The peak intensity ratio A(b) was 0.41, when it was 
15 calculated by dividing the peak intensity of Catalyst b by 
the peak intensity of ruthenium oxide having the particle 
size of 10 nm or more with respect to the peak of the 
radial distribution function near 0.32 nm. 

The above-obtained ruthenium oxide catalyst supported 
20 on titanium oxide (2.5 g) was filled in the reactor in the 
same manner as that in Example 1, and the reaction was 
carried out in the same manner as that in Example 1 except 
that the internal temperature (hot spot) was maintained at 
299°C. When 2.7 hours after the start of the reaction, the 
25 chlorine formation activity per unit mass of the catalyst 



WO 01/10550 



PCT/JP00/05229 



156 

was 8.75 x 10" 4 mol/min . g-cat . 

2) To measure B(b) of Catalyst b, the following test 
reaction was carried out: 

Catalyst a (0.25 g), which is the same as Catalyst a 
5 used in Example 12, was charged in a quartz tube reactor 

having an inner diameter of 14 mm without dilution from the 
inlet of the reactor. Catalyst b (2.50 g) was diluted by 
mixing with the commercially available spherical a-alumina 
carrier having a diameter of 2 mm (SSA 995 manufactured by 

10 NIKKATO) (20 g) , and diluted Catalyst b was charged in the 
quartz reactor. The catalysts a and b where charged in a 
reactor in this order from the inlet of the reactor. Then, 
hydrogen chloride gas and oxygen gas were supplied in the 
quartz reactor tube under atmospheric pressure at flow 

15 rates of 192 ml/min. (0.51 mol/h) and 96 ml/min. (0.26 
mol/h) , respectively (each converted to a volume at 0°C 
under 101 kPa.) The quartz reactor tube was heated in an 
electric furnace to keep the temperature in the catalyst 
layer in the range of 320-360±l°C, and maintain the 

20 internal temperature (hot spot) at 360±1°C. Then, the 
reaction was continued for 50 hours under the above 
conditions. After that, Catalyst b was recovered, and 
recovered Catalyst b was subjected to the measurement of 
its chlorine formation activity. 

25 That is, recovered Catalyst b (2.5 g) was filled in 
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the reactor in the same manner as that in Example 1 except 
that Catalyst b was diluted with the commercially available 
spherical a-alumina having a diameter of 2 mm (20 g) by 
mixing them thoroughly and then charged in the reactor, and 
the reaction was carried out in the same manner as that in 
Example 1. When 2.0 hours after the start of the reaction, 
the chlorine formation activity per unit mass of the 
catalyst was 6.5 x 10" 4 mol/min . g-cat . 

Then, the peak intensity ratio B(b) of Catalyst b 
after the reaction was calculated in the same manner as in 
the calculation of the peak intensity ratio A(b) by the 
EXAFS method. The B(b) ratio was 0.62 

Thus, B(b)/A(b) was 1.51. 

The ratio of the catalytic activity after the 50 hours 
reaction to the initial catalytic activity, D(b)/C(b) was 
0.74. 

Example 19 

A catalyst was prepared as follows. 

Titanium oxide powder (STR-60R {100 % rutile crystal) 
manufactured by Sakai Chemical Industry Co., Ltd.) (25.0 g) 
and aluminum oxide powder (AL-31 manufactured by Sumitomo 
Chemical Co., Ltd.) (25.0 g) were thoroughly mixed. To the 
mixture, pure water (18.9 g) and titanium oxide sol (CSB 
(Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 
Industry Co., Ltd.) (6.6 g) were added and kneaded. 
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This mixture was molded by extrusion in the form of 
noodles having a diameter of 1.5 mm<|>, and dried under air 
at 60°C for 2 hours to obtain white noodle-form titanium 

oxide-a-alumina (47,1 g) . 
5 24.5 Grams of the solid from the white noodle-form 

titanium oxide-a-alumina was heated under air from room 
temperature to 600°C over 1.7 hours and calcined at the 
same temperature for 3 hours to obtain white noodle-form 

titanium oxide-a-alumina. 
10 After calcination, the noodle-form solid was cut to a 

length of about 5 mm to obtain an extruded white titanium 

oxide-a-alumina carrier . 

Then, the carrier (20.0 g) was impregnated with an 
aqueous solution of commercially available ruthenium 

15 chloride (RuCl 3 *nH 2 0, ruthenium content: 37.3 mass %) 

(0.805 g) dissolved in pure water (5.82 g) and dried at 
60°C for 2 hours. 

Then, the obtained solid was dipped in a solution 
containing 2N aqueous solution of potassium hydroxide (4.2 

20 g) , pure water (120 g) and hydrazine monohydrate (1.03 g) . 

Bubbling was observed as soon as the dried solid was dipped 
in the solution. After 60 minutes, the supernatant was 
removed by filtration. Then, pure water (500 ml) was added 
to the recovered solid and the solid was washed for 30 

25 minutes, followed by filtration. The washing and 
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filtration were repeated five times. The pH of the first 
wash liquid was 9.0, and that of the fifth wash liquid was 
6.5. 

To the filtrated solid, a 0.5 mol/1 aqueous solution 
of potassium chloride (50 g) was added, and stirred, 
followed by recovering of the solid by filtration. The 
same operation was repeated three times. 

The obtained solid was dried at 60°C for 4 hours to 
obtain the black solid. 

Then, the black solid was heated under air from room 
temperature to 350 °C over 1 hour and calcined at the same 
temperature for 3 hours to obtain the black solid. 

After calcination, pure water (500 ml) was added to 
the black solid and the mixture was stirred, followed by 
recovering of the solid by filtration. The same operation 
was repeated five times. Thereafter, an aqueous solution 
of silver nitrate was dropwise added to the wash liquid to 
confirm that no potassium chloride remained. 

Thereafter, the solid was dried at 60°C for 4 hours to 
obtain an extruded black ruthenium oxide catalyst supported 
on titanium oxide -a- alumina (20.2 g) . 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 +Ti0 2 +a-Al 2 0 3 ) ] x 100 = 1.9 mass % 

The calculated content of ruthenium was as follows: 
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[Ru/(Ru0 2 + Ti0 2 +a-Al 2 0 3 ) ] x 100 = 1.5 mass % 

The above-obtained ruthenium oxide catalyst supported 

on titanium oxide-a-alumina (2.5 g) was filled in the 
reactor in the same manner as that in Example 1, and the 
5 reaction was carried out in the same manner as that in 
Example 1. 

To measure the chlorine formation activity D(b) after 
50 hours reaction, the following test reaction was carried 
out . 

10 Catalyst a (0.25 g) , which is the same as Catalyst a 

used in Example 12, was charged in a quartz tube reactor 
having an inner diameter of 14 mm without dilution from the 
inlet of the reactor. Catalyst b (2.50 g) was diluted by 
mixing with the commercially available spherical a-alumina 

15 carrier having a diameter of 2 mm (SSA 995 manufactured by 
NIKKATO) (20 g) , and diluted Catalyst b was charged in the 
quartz reactor. Then, hydrogen chloride gas and oxygen gas 
were supplied in the quartz reactor tube under atmospheric 
pressure at flow rates of 192 ml/min. (0.51 mol/h) and 96 

20 ml/min. (0.26 mol/h), respectively (each converted to a 

volume at 0°C under 101 kPa . ) The quartz reactor tube was 
heated in an electric furnace to keep the temperature in 
the catalyst layer in the range of 320-360±l°C, and 
maintain the internal temperature (hot spot) at 360±1°C. 

25 Then, the reaction was continued for 50 hours under the 
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above conditions. After that, Catalyst b was recovered, 
and recovered Catalyst b was subjected to the measurement 
of its chlorine formation activity. 

That is, recovered Catalyst b (2.5 g) was filled in 
the reactor in the same manner as that in Example 1, and 
the reaction was carried out in the same manner as that in 
Example 1 . 

Example 2 0 

A catalyst was prepared as follows. 

To titanium oxide powder (STR-60R (100 % rutile 
crystal) manufactured by Sakai Chemical Industry Co., Ltd.) 
(60.0 g) , pure water (44.7 g) and titanium oxide sol (CSB 
(Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 
Industry Co., Ltd.) (7.9 g) were added, mixed and well 
kneaded at room temperature. 

The mixture was molded by extrusion in the form of 
noodles having a diameter of 1.5 mm<|>, and dried under air 
at 60°C for 4 hours to obtain white noodle-form titanium 
oxide (57 . 3 g) . 

The obtained titanium oxide solid was heated under air 
from room temperature to 700°C over 1.9 hours and calcined 
at the same temperature for 3 hours to obtain white noodle- 
form titanium oxide (55.6 g) . 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 
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oxide carrier. 

Then, the carrier (30.0 g) was impregnated with an 
aqueous solution of commercially available ruthenium 
chloride (RuCl 3 .nH 2 0, ruthenium content: 38.2 mass %) (3.58 
5 g) dissolved in pure water (10.1 g) and dried at room 

temperature overnight to obtain the supported ruthenium 
chloride solid (41.2 g) . 

Then, 10.3 g of this solid from the supported 
ruthenium chloride one was dried at 150°C for 2 hours while 
10 supplying nitrogen gas at a flow rate of 192 ml/min. to 
obtain an extruded black ruthenium chloride catalyst 
supported on titanium oxide (8.14 g) . 

The calculated content of ruthenium chloride was as 
follows : 

15 [RuCl 2 / (RuCl 2 +Ti0 2 ) ] x 100 = 8.56 mass % 

The calculated content of ruthenium was as follows: 
[Ru/ (RuCl 2 +Ti0 2 ) ] x 100 = 4.17 mass % 
The above-obtained ruthenium chloride catalyst 
supported on titanium oxide (2.5 g) was filled in the 
20 reactor in the same manner as that in Example 1, and the 
reaction was carried out in the same manner as that in 
Example 1 except that the internal temperature (hot spot) 
was maintained at 301°C. When 2-0 hours after the start of 
the reaction, the chlorine formation activity per unit mass 
25 of the catalyst was 6.05 x 10" 4 mol/min . g-cat . 



111 '^"til-tViP 



WO 01/10550 PCT/JP00/05229 

163 

Example 21 

10.3 Grams of solid from the undried supported 
ruthenium chloride on the titanium oxide carrier, which is 
the solid prepared in Example 20, was dried at 60°C for 2 
5 hours while supplying nitrogen gas at a flow rate of 200 
ml/min. to obtain an extruded black ruthenium chloride 
catalyst supported on titanium oxide (8.40 g) . 

The calculated content of ruthenium chloride was as 
follows : 

10 [RuCl 2 / (RuCl 2 + Ti0 2 ) ] x 100 = 8.56 mass % 

The calculated content of ruthenium was as follows: 
[Ru/ (RuCl 2 +Ti0 2 ) ] x 100 = 4.17 mass % 
The above-obtained ruthenium chloride catalyst 
supported on titanium oxide (2.5 g) was filled in the 
15 reactor in the same manner as that in Example 1, and the 
reaction was carried out in the same manner as that in 
Example 1. When 2.0 hours after the start of the reaction, 
the chlorine formation activity per unit mass of the 
catalyst was 5.85 x 10" 4 mol/min . g-cat . 
20 Example 22 

A catalyst was prepared as follows. 
To titanium oxide powder (STR-60R (100 % rutile 
crystal) manufactured by Sakai Chemical Industry Co., Ltd.) 
(60.0 g) , pure water (44.7 g) and titanium oxide sol (CSB 
25 (TiQ 2 content: 38 mass %) manufactured by Sakai Chemical 
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Industry Co., Ltd.) (7.9 g) were added and well kneaded at 
room temperature. 

The mixture was molded by extrusion in the form of 
noodles having a diameter of 1.5 mm<J), and dried under air 
5 at 60°C for 4 hours to obtain white noodle-form titanium 
oxide (59.5 g) . 

The obtained titanium oxide solid was heated under air 
from room temperature to 700°C over 1.9 hours and calcined 
at the same temperature for 3 hours to obtain white noodle- 
10 form titanium oxide (57.8 g) . 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 
oxide carrier. 

Then, the carrier (10.0 g) was impregnated with an 
15 aqueous solution of commercially available ruthenium 

chloride (RuCl 3 .nH 2 0, ruthenium content: 38.2 mass %) (1.19 
g) dissolved in pure water (4.93 g) , dried at room 
temperature overnight and further dried under air at 150°C 
for 2 hours to obtain an extruded black ruthenium chloride 
20 catalyst supported on titanium oxide (10.9 g) . 

The calculated content of ruthenium chloride was as 
follows : 

[RuCl 2 / (RuCl 2 +Ti0 2 ) ] x 100 = 8.56 mass % 
The calculated content of ruthenium was as follows: 
25 [Ru/ (RuCl 2 +Ti0 2 ) ] x 100 = 4.17 mass % 
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The above-obtained ruthenium chloride catalyst 
supported on titanium oxide (2.5 g) was filled in the 
reactor in the same manner as that in Example 1, and the 
reaction was carried out in the same manner as that in 
5 Example 1. When 2.0 hours after the start of the reaction, 
the chlorine formation activity per unit mass of the 
catalyst was 7.0 x 10~ 4 mol/min . g-cat . 

Example 23 

A catalyst was prepared as follows. 

10 To titanium oxide powder (STR-60R (100 % rutile 

crystal) manufactured by Sakai Chemical Industry Co., Ltd.) 
(60.0 g) , pure water (44.8 g) and titanium oxide sol (CSB 
(Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 
Industry Co., Ltd.) (7.9 g) were added and well kneaded at 

15 room temperature . 

The mixture was molded by extrusion in the form of 
noodles having a diameter of 1.5 mm<|), and dried under air 
at 60°C for 4 hours to obtain white noodle-form titanium 
oxide (58 . 0 g) . 

20 The obtained titanium oxide solid was heated under air 

from room temperature to 700°C over 1.9 hours and calcined 
at the same temperature for 3 hours to obtain white noodle- 
form titanium oxide (56.5 g) . 

After calcination, the noodle-form solid was cut to a 

25 length of about 5 ram to obtain an extruded white titanium 
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oxide carrier. 

Then, the carrier (20.0 g) was impregnated with an 
aqueous solution of commercially available ruthenium 
chloride (RuCla-nHzO, ruthenium content: 38.2 mass %) (2.39 
5 g) dissolved in pure water (10.4 g) , dried at room 

temperature overnight and further dried under air at 100 °C 
for 2 hours to obtain an extruded black ruthenium chloride 
catalyst supported on titanium oxide (14.3 g) . 

The calculated content of ruthenium chloride was as 
10 follows: 

[RuCl 2 / (RuCl 2 +Ti0 2 ) ] x 100 = 8.56 mass % 

The calculated content of ruthenium was as follows: 

[Ru/ (RuCl 2 +Ti0 2 ) ] x 100 = 4.17 mass % 

The above-obtained ruthenium chloride catalyst 
15 supported on titanium oxide was filled in the reactor in 
the same manner as that in Example 1 except that the 
ruthenium chloride catalyst supported on titanium oxide {1 
g) was diluted with the commercially available spherical a- 
alumina carrier having a particle size of 2 mm (20 g) by 
20 mixing, and the reaction was carried out in the same manner 
as that in Example 1. When 2.0 hours after the start of 
the reaction, the chlorine formation activity per unit mass 
of the catalyst was 11.8 x 10~ 4 mol/min . g-cat . 

Example 24 

25 1) The solid from the undried supported ruthenium 
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chloride on the titanium oxide carrier, which is prepared 
in Example 23, was dried under air at 60°C for 2 hours to 
obtain an extruded black ruthenium chloride catalyst 
supported on titanium oxide (8.0 g) . 
5 The calculated content of ruthenium chloride was as 

follows : 

[RuCl 2 / (RuCl 2 + Ti0 2 ) ] x 100 = 8.56 mass % 
The calculated content of ruthenium was as follows: 
[Ru/ (RuCl 2 +Ti0 2 ) ] x 100 = 4.17 mass % 
10 This catalyst was named "Catalyst b" . 

The above-obtained ruthenium chloride catalyst 
supported on titanium oxide (2.5 g) was filled in the 
reactor in the same manner as that in Example 1, and the 
reaction was carried out in the same manner as that in 
15 Example 1. When 2.0 hours after the start of the reaction, 
the chlorine formation activity per unit mass of the 
catalyst E(b) was 6.45 x 10" 4 mol/min . g-cat . 

The same ruthenium chloride catalyst supported on 
titanium oxide (1.0 g) was filled in the reactor in the 
2 0 same manner as that in Example 1 except that the ruthenium 
chloride catalyst supported on titanium oxide (1 g) was 
diluted with the commercially available spherical a-alumina 
carrier having a particle size of 2 mm (20 g) by mixing, 
and the reaction was carried out in the same manner as that 
25 in Example 1. When 2.0 hours after the start of the 
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reaction, the chlorine formation activity per unit mass of 
the catalyst was 11.2 x 10" 4 mol/min . g-cat . 

2) The second catalyst of this Example was prepared as 
follows . 

A commercially available a-alumina (AES-12 
manufactured by Sumitomo Chemical Co., Ltd,) (30.1 g) , 
ruthenium chloride (RuCl 3 .nH 2 0, ruthenium content: 37.3 
mass %) (1.62 g) , pure water (3.0 g) and alumina sol 
(ALUMINA SOL 200 manufactured by Nissan Chemical Industries 
Ltd.) (8.53 g) were thoroughly mixed. A dry air was blown 
onto the mixture at room temperature to dry the mixture 
until an adequate viscosity was reached. 

This mixture was molded by extrusion in the form of 

noodles having a diameter of 1.5 mm<{>, and dried under air 
at 60 °C for 4 hours to obtain brown noodle-form ruthenium 

oxide-a-alumina . 

The obtained noodle-form solid was heated under air 
from room temperature to 350 °C over 1 hour and calcined at 
the same temperature for 3 hours to obtain gray noodle-form 

ruthenium oxide catalyst supported on a-alumina (25.8 g) . 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 +a-Al 2 0 3 ) ] x 100 = 2.5 mass % 
The calculated content of ruthenium was as follows: 

[Ru/ (Ru0 2 +ct-Al 2 0 3 ) ] x 100 = 1.9 mass % 
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The obtained catalyst was named "Catalyst a". 

3) To measure the chlorine formation activity after 50 
hours reaction F(b), the following test reaction was 
carried out . 

Catalyst a (0,25 g) was charged in a quartz tube 
reactor having an inner diameter of 14 mm without dilution 
from the inlet of the reactor. Catalyst b (2.50 g) was 
diluted by mixing with the commercially available spherical 
ot-alumina carrier having a diameter of 2 mm (SSA 995 
manufactured by NIKKATO) (20 g) , and diluted Catalyst b was 
charged in the quartz reactor. The catalysts a and b were 
charged in a reactor in this order from the inlet of the 
reactor. Then, hydrogen chloride gas and oxygen gas were 
supplied in the quartz reactor tube under atmospheric 
pressure at flow rates of 192 ml/min. (0.51 mol/h) and 96 
ml/min. (0.26 mol/h) , respectively (each converted to a 
volume at 0°C under 101 kPa.) The quartz reactor tube was 
heated in an electric furnace to keep the temperature in 
the catalyst layer in the range of 320-360±l°C, and 
maintain the hot spot of Catalyst b at 360±1°C. Then, the 
reaction was continued for 50 hours under the above 
conditions. After that, Catalyst b was recovered, and 
recovered Catalyst b was subjected to the measurement of 
its chlorine formation activity. 

That is, recovered Catalyst b (2.4 g) was filled in 
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the reactor in the same manner as that in Example 1, and 
the reaction was carried out in the same manner as that in 
Example 1. When 1.8 hours after the start of the reaction, 
the chlorine formation activity per unit mass of the 
5 catalyst F(b) was 7.05 x 10~ 4 mol/min . g-cat . 

Thus, the ratio of the catalytic activity after the 50 
hours reaction to the initial catalytic activity, F(b)/E(b) 
was 1.09. 

Example 25 

10 A catalyst was prepared as follows. 

Titanium oxide powder (STR-60R (100 % rutile crystal) 
manufactured by Sakai Chemical Industry Co., Ltd.) (48.0 g) 
and aluminum oxide powder (AES-12 manufactured by Sumitomo 
Chemical Co., Ltd.) (12.0 g) were thoroughly mixed. To the 
15 mixture, pure water (39.5 g) and titanium oxide sol (CSB 
(Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 
Industry Co., Ltd.) (7.9 g) were added and well kneaded at 
room temperature. 

The mixture was molded by extrusion in the form of 
20 noodles having a diameter of 1.5 mm4>, and dried under air 
at 60°C for 4 hours to obtain white noodle-form titanium 
oxide-a-alumina (57.0 g) . 

The obtained titanium oxide-a-alumina solid was heated 
under air from room temperature to 600 °C over 1.7 hours and 
25 calcined at the same temperature for 3 hours to obtain 
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white noodle-form titanium oxide-a-alumina (55.6 g) . 

After calcination, the noodle- form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 
oxide-a-alumina carrier . 

Then, the carrier (20.0 g) was impregnated with an 
aqueous solution of commercially available ruthenium 
chloride (RuCl 3 .nH 2 0 / ruthenium content: 38.2 mass %) (1.99 
g) dissolved in pure water (10.1 g) , dried at room 
temperature overnight and further dried under air at 60 °C 
for 2 hours to obtain an extruded black ruthenium chloride 
catalyst supported on titanium oxide (21.9 g) . 

The calculated content of ruthenium chloride was as 
follows : 

[RuCl 2 / (RuCl 2 +Ti0 2 +a-alumina) ] x 100 = 7.24 mass % 
The calculated content of ruthenium was as follows: 

[Ru/ (RuCl 2 +Ti0 2 +a-alumina) ] x 100 = 3.52 mass % 
The above-obtained ruthenium chloride catalyst 

supported on the titanium oxide-a-alumina carrier (2.5 g) 
was filled in the reactor in the same, manner as that in 
Example 1, and the reaction was carried out in the same 
manner as that in Example 1 except that the internal 
temperature (hot spot) was 301 °C. When 2.5 hours after the 
start of the reaction, the chlorine formation activity per 
unit mass of the catalyst was 6.95 x 10~ A mol/min . g-cat . 
Example 2 6 
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1) A catalyst was prepared as follows. 

Titanium oxide powder (STR-60R (100 % rutile crystal) 
manufactured by Sakai Chemical Industry Co . , Ltd.) (30.0 g) 
and aluminum oxide powder (AES-12 manufactured by Sumitomo 
5 Chemical Co., Ltd.) (30.0 g) were thoroughly mixed. To the 
mixture, pure water (22.5 g) and titanium oxide sol (CSB 
(Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 
Industry Co., Ltd.) (7.9 g) were added, mixed and well 
kneaded at room temperature. 
10 The mixture was molded by extrusion in the form of 

noodles having a diameter of 1.5 mm(|>, and dried under air 
at 60°C for 4 hours to obtain white noodle-form titanium 

oxide-ot-alumina (56.3 g) . 

The obtained titanium oxide-a-alumina solid was heated 
15 under air from room temperature to 600 °C over 1.7 hours and 
calcined at the same temperature for 3 hours to obtain 
white noodle-form titanium oxide-a-alumina (55.4 g) . 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 

20 oxide-a-alumina carrier. 

Then, the carrier (20.0 g) was impregnated with an 
aqueous solution of commercially available ruthenium 
chloride {RuCl 3 *nH 2 0, ruthenium content: 38.2 mass %) (1.59 
g) dissolved in pure water (6.40 g) , dried at room 

25 temperature overnight and further dried under air at 60°C 
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for 2 hours to obtain an extruded black ruthenium chloride 
catalyst supported on titanium oxide (21.5 g) . 

The calculated content of ruthenium chloride was as 
follows : 

5 [RuCl 2 / (RuCl 2 +Ti0 2 +a-alumina) ] x 100 = 5,87 mass % 

The calculated content of ruthenium was as follows: 

[Ru/ (RuCl 2 +Ti0 2 +a-alumina) ] x 100 = 2.86 mass % 
The above-obtained ruthenium chloride catalyst 

supported on titanium oxide-a-alumina (2.5 g) was filled in 
10 the reactor in the same manner as that in Example 1, and 

the reaction was carried out in the same manner as that in 
Example 1 except that the internal temperature (hot spot) 
was maintained at 301°C. When 2.0 hours after the start of 
the reaction, the chlorine formation activity per unit mass 
15 of the catalyst E (b) was 4.98 x 10~ 4 mol/min . g-cat . 

2) To measure the chlorine formation activity after 50 
hours reaction F(b), the following test reaction was 
carried out. 

Catalyst a (0.25 g) , which was a ruthenium chloride 
2 0 catalyst supported on a-alumina prepared in the same manner 
as that in Example 24, was charged in a quartz tube reactor 
having an inner diameter of 14 mm without dilution from the 
inlet of the reactor. Catalyst b (2.50 g) was diluted by 

mixing with the commercially available spherical a-alumina 
25 carrier having a diameter of 2 mm (SSA 995 manufactured by 
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NIKKATO) (20 g) , and diluted Catalyst b was charged in the 
quartz reactor. The catalysts a and b were charged in a 
reactor in this order from the inlet of the reactor. Then, 
hydrogen chloride gas and oxygen gas were supplied in the 
quartz reactor tube under atmospheric pressure at flow 
rates of 192 ml/min. (0.51 mol/h) and 96 ml/min. (0.26 
mol/h), respectively (each converted to a volume at 0°C 
under 101 kPa.) The quartz reactor tube was heated in an 
electric furnace to keep the temperature in the catalyst 
layer in the range of 320-360±l°C, and maintain the hot 
spot of Catalyst b at 360±1°C. Then, the reaction was 
continued for 50 hours under the above conditions. After 
that, Catalyst b was recovered, and recovered Catalyst b 
was subjected to the measurement of its chlorine formation 
activity. 

That is, recovered Catalyst b (2.3 g) was filled in 
the reactor in the same manner as that in Example 1, and 
the reaction was carried out in the same manner as that in 
Example 1. When 2.0 hours after the start of the reaction, 
the chlorine formation activity per unit mass of the 
catalyst F(b) was 4.96 x 10" 4 mol/min. g-cat . 

Thus, the ratio of the catalytic activity after the 50 
hours reaction to the initial catalytic activity, F(b)/E(b) 
was 1.0. 

Comparative Example 1 
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A catalyst was prepared as follows. 

Commercially available ruthenium chloride hydrate 
(RuCl 3 .nH 2 0, ruthenium content: 35.5 mass %) (0.70 g) was 
dissolved in pure water (4.0 g) . After the aqueous 
solution was sufficiently stirred, it was dropwise added to 
silica (CARIACT G-10 manufactured by Fuji Silysia Chemical 
Co.) (5.0 g) , the particle sizes of which had been adjusted 
in the range between 0.8 5 and 1.4 mm and which had been 
dried under air at 500°C for 1 hour to support ruthenium 
chloride on the silica particles. The supported one was 
heated from room temperature to 100°C over 30 minutes while 
supplying nitrogen gas at a flow rate of 100 ml/min. and 
dried at the same temperature for 2 hours, followed by 
spontaneous cooling to room temperature to obtain a black 
solid. 

The obtained solid was heated from room temperature to 
250°C over 1.5 hours while supplying the air at a rate of 
100 ml/min. and dried at the same temperature for 3 hours, 
followed by spontaneous cooling to room temperature to 
obtain a black ruthenium chloride catalyst supported on 
silica. 

The calculated content of ruthenium was as follows: 
[Ru/ (RuCl 3 . 3H 2 0+Si0 2 ) ] x 100 = 4.5 mass % 
The above-obtained ruthenium chloride catalyst 
supported on silica (2.5 g) without dilution was filled in 
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the reactor in the same manner as that in Example 1, and 
the reaction was carried out in the same manner as that in 
Example 1 except that hydrogen chloride and oxygen were 
supplied at flow rates of 202 ml/min. and 213 ml/min., 
5 respectively. When 1.7 hours after the start of the 

reaction, the chlorine formation activity per unit mass of 
the catalyst was 0.49 x 10~ 4 mol/min.g-cat. 
Comparative Example 2 
A catalyst was prepared as follows. 

10 Spherical titanium oxide (CS-300 manufactured by Sakai 

Chemical Industry Co., Ltd.) was ground with a mortar to 
obtain titanium oxide powder. The titanium oxide powder 
(8.0 g) and ruthenium dioxide powder (0.53 g) were mixed in 
a mortar while grinding, followed by molding in the form of 

15 particles having sizes of 0.85 to 1.4 mm to obtain a 
ruthenium oxide- titanium oxide mixed catalyst. The 
calculated content of ruthenium oxide was 6.2 mass %, and 
that of ruthenium was 4.7 mass %. 

The above-obtained ruthenium oxide- titanium oxide 

20 mixed catalyst (2.5 g) was diluted by mixing with a 

titanium oxide carrier having adjusted particle sizes of 
0.85 to 1.4 mm (5 g) , and the diluted catalyst was charged 
in a quartz tube reactor having an inner diameter of 12 mm. 
Then, the reaction was carried out in the same manner as 

25 that in Example 1 except that hydrogen chloride and oxygen 
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were supplied at flow rates of 199 ml/min. and 194 ml/min., 
respectively, and the internal temperature (hot spot) was 
maintained at 299°C. When 2.3 hours after the start of the 
reaction, the chlorine formation activity per unit mass of 
5 the catalyst was 0,83 x 1CT 4 mol/min . g-cat . 
Comparative Example 3 
A catalyst was prepared as follows. 

Commercially available tetraethyl orthosilicate (41.7 
g) was dissolved in ethanol (186 ml). To the solution, 

10 titanium tetraisopropoxide (56.8 g) was added, and the 
mixture was stirred at room temperature for 30 minutes. 
Then, to this solution, an aqueous solution was dropwise 
added, which was prepared by well mixing ethanol (93 ml) 
with a 0.01 mol/1 aqueous solution of acetic acid that had 

15 been prepared by dissolving acetic acid (0.14 g) in pure 
water (233 ml) . White precipitates formed as the aqueous 
solution was dropwise added. After the dropwise addition, 
the mixture was stirred at room temperature for 30 minutes. 
Thereafter, the mixture was heated to reflux on an oil bath 

20 maintained at 102°C for 1 hour while stirring, during which 
the temperature of the liquid was 80 °C. Then, the liquid 
was spontaneously cooled, filtrated with a glass filter, 
washed with water (500 ml) and again filtrated. This 
operation was repeated twice. Thereafter, the product was 

25 dried under air at 60°C for 4 hours, heated from room 
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temperature to 550°C over 1 hour, and calcined at the same 
temperature for 3 hours to obtain a white solid (27.4 g) . 
The white solid was ground to obtain titania-silica powder. 
The obtained titania-silica powder (8.0 g) was 
5 impregnated with an aqueous solution of commercially 

available ruthenium chloride hydrate (RuCl 3 .3H 2 0, ruthenium 
content: 35.5 mass %) (1.13 g) in pure water (8.2 g) , and 
dried at 60 °C for 1 hour to support ruthenium chloride on 
the titania-silica powder. Then, the titania-silica powder 

10 supporting ruthenium chloride was reduced by heating it 

from room temperature to 300°C over 1.5 hours and then at 
the same temperature for 1 hour while supplying the mixture 
of hydrogen gas and nitrogen gas at flow rates of 50 ml/min. 
and 100 ml/min., respectively, followed by spontaneously 

15 cooling to room temperature to obtain a grayish brown metal 
ruthenium supported on the titania-silica powder (8.4 g) . 

The obtained metal ruthenium supported on the titania- 
silica powder (8.4 g) was heated from room temperature to 
600°C over 3 hours and 20 minutes and calcined at the same 

20 temperature for 3 hours while supplying an air at a flow 

rate of 100 ml/min. to obtain the gray powder (8.5 g) . The 
gray powder was molded in the form of particles having 
sizes of 0.85 to 1.4 mm to obtain a ruthenium oxide 
catalyst supported on titania-silica. 

25 The calculated content of ruthenium oxide was as 
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follows : 

[Ru0 2 / (Ru0 2 +Ti0 2 +Si0 2 ) ] x 100 = 6.2 mass % 
The calculated content of ruthenium was as follows: 
[Ru/ (Ru0 2 +Ti0 2 +Si0 2 ) ] x 100 = 4.7 mass % 
5 The obtained ruthenium oxide catalyst supported on 

titania-silica (2.5 g) without dilution was charged in the 
quartz reactor tube, and the reaction was carried out in 
the same manner as that in Example 1 except that hydrogen 
chloride gas and oxygen gas were supplied at flow rates of 
10 180 ml/min. and 180 ml/min., respectively. 

When 1.8 hours after the start of the reaction, the 
chlorine formation activity per unit mass of the catalyst 
was 0.4 6 x 10~ 4 mol/min . g-cat . 
Comparative Example 4 
15 A catalyst was prepared as follows. 

A spherical titanium oxide carrier having a diameter 
of 1 to 2 mm (CS-300S-12 manufactured by Sakai Chemical 
Industry Co., Ltd.) (10.1 g) was impregnated with an 
aqueous solution of commercially available ruthenium 
20 chloride hydrate (RuCl 3 .nH 2 0, ruthenium content: 37.3 - 

mass %) (1.34 g) in pure water (3.7 g) , and dried under air 
at 60°C for 4 hours to obtain a dark brown solid. This 
dark brown solid was reduced by heating it from room 
temperature to 250 °C over 2 hours and then at the same 
25 temperature for 8 hours while supplying the mixture of 
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hydrogen gas and nitrogen gas at flow rates of 20 ml/min. 
and 200 ml/min . , respectively to obtain the black solid 
(10.3 g) . 

Then, the obtained solid was heated under air from 
room temperature to 350°C over 1 hour and calcined at the 
same temperature for 3 hours to obtain a black ruthenium 
oxide catalyst supported on titanium oxide (10.6 g) . 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 +Ti0 2 ) ] x 100 = 6.1 mass % 

The calculated content of ruthenium was as follows: 
[Ru/ (Ru0 2 + Ti0 2 ) ] x 100 = 4.7 mass % 

The obtained ruthenium oxide catalyst supported on 
titanium oxide (2.5 g) was diluted with the commercially 
available spherical titanium oxide having a diameter of 1 
to 2 mm (CS-300S-12 manufactured by Sakai Chemical Industry 
Co., Ltd.) (5 g) by mixing them thoroughly and then charged 
in the reactor in the same manner as in Example 1, and the 
reaction was carried out in the same manner as that in 
Example 1 except that hydrogen chloride gas and oxygen gas 
were supplied at flow rates of 187 ml/min. and 199 ml/min., 
respectively . 

When 2 hours after the start of the reaction, the 
chlorine formation activity per unit mass of the catalyst 
was 2.89 x 10~ 4 mol/min . g-cat ♦ 
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Comparative Example 5 

A catalyst was prepared as follows* 

A spherical metal ruthenium catalyst supported on 
titanium oxide having a diameter of 1 to 2 mm (5 mass % 
supported on anatase titanium oxide) (manufactured by N.E. 
Chemcat) was impregnated with a 0.5 mol/1 aqueous solution 
of potassium chloride to an extent that the solution oozed 
out on the surface of the catalyst, and dried under air at 
60°C for 1 hour. The same operation was repeated twice. 
The impregnated amount of the aqueous solution of potassium 
chloride was 3.31 g in the first operation and 3.24 g in 
the second operation. Thus, the total impregnated amount 
of the aqueous solution of potassium chloride was 6.55 g. 
The calculated molar ratio of potassium chloride to 
ruthenium was 0.66. 

The dried catalyst was heated under air from room 
temperature to 350 °C over 1 hour and calcined at the same 
temperature for 3 hours. Then, the calcined catalyst was 
washed with pure water (500 ml) for 30 minutes, followed by 
filtration. The washing and filtration were repeated five 
time. An aqueous solution of silver nitrate was dropwise 
added to the wash liquid to confirm that no potassium 
chloride remained. After washing, the solid was dried at 
60°C for 4 hours to obtain black spherical ruthenium oxide 
supported on titanium oxide (9.9 g) . 
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The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 +Ti0 2 ) ] x 100 = 6.6 mass % 

The calculated content of ruthenium was as follows: 
5 [Ru/ (Ru0 2 +Ti0 2 ) ] x 100 = 5,0 mass % 

The obtained ruthenium oxide catalyst supported on 
titanium oxide (2.5 g) was diluted with the commercially 
available spherical titanium oxide having a diameter of 1 
to 2 mm (CS-300S-12 manufactured by Sakai Chemical Industry 
10 Co., Ltd.) (5 g) by mixing them thoroughly and then charged 
in the reactor in the same manner as in Example 1, and the 
reaction was carried out in the same manner as that in 
Example 1 except that hydrogen chloride gas and oxygen gas 
were supplied at flow rates of 187 ml/min. and 199 ml/min., 
15 respectively. 

When 2 hours after the start of the reaction, the 
chlorine formation activity per unit mass of the catalyst 
was 4.03 x 10~ 4 mol/min . g-cat . 
Comparative Example 6 
20 1) The first catalyst of this Comparative Example was 

prepared as follows. 

To titanium oxide powder (STR-60R (100 % rutile 
crystal) manufactured by Sakai Chemical Industry Co., Ltd.) 
(50.0 g) , pure water (33*6 g) and titanium oxide sol (CSB 
25 (Ti0 2 content: 38 mass %) manufactured by Sakai Chemical 
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Industry Co,, Ltd.) (6.59 g) were added and kneaded. A dry 
air was blown onto the kneaded mixture at room temperature 
to dry the mixture until an adequate viscosity was reached. 
The mixture was molded by extrusion in the form of noodles 
5 having a diameter of 1.5 mm<|), and dried under air at 60°C 
for 4 hours. 

Separately, to titanium oxide powder (STR-60R (100 % 
rutile crystal) manufactured by Sakai Chemical Industry Co., 
Ltd.) (20.0 g) , pure water (13.3 g) and titanium oxide sol 
10 (CSB (Ti0 2 content: 38 mass %) manufactured by Sakai 

Chemical Industry Co., Ltd.) (2.65 g) were added and 
kneaded. A dry air was blown onto the kneaded mixture at 
room temperature to dry the mixture until an adequate 
viscosity was reached. The mixture was molded by extrusion 
15 in the form of noodles having a diameter of 1.5 mmf and 
dried under air at 60°C for 4 hours. 

The two portions of the dried noodle-form solids were 
mixed and heated under air from room temperature to 500°C 
over 1.4 hours and calcined at the same temperature for 3 
20 hours to obtain white noodle-form titanium oxide (64.8 g) . 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 
oxide carrier. 

Then, the carrier (62.0 g) was impregnated with an 
25 aqueous solution of commercially available ruthenium 
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chloride (RuCl3.nH 2 0, ruthenium content: 37.3 mass %) (5.04 
g) dissolved in pure water (34.1 g) , and dried at 60°C for 
2 hours. 

The obtained solid was dipped in a solution containing 
5 2N aqueous solution of potassium hydroxide (26.1 g) , pure 

water (372 g) and hydrazine monohydrate (6.33 g) . Bubbling 
was observed as soon as the calcined solid was dipped in 
the solution. After 1 hour, the supernatant was removed by 
filtration. Then, pure water (500 ml) was added to the 
10 recovered solid and the solid was washed for 30 minutes, 
followed by filtration. The washing and filtration were 
repeated five times. The pH of the first wash liquid was 
9.0, and that of the fifth wash liquid was 7.2. 

To the filtrated solid, a 0.5 mol/1 aqueous solution 
15 of potassium chloride (50 g) was added, and stirred, 

followed by recovering of the solid by filtration. The 
same operation was repeated three times. 

The obtained solid was dried at 60°C for 4 hours to 
obtain the gray solid. 
20 Then, the gray solid was heated under air from room 

temperature to 350°C over 1 hour and calcined at the same 
temperature for 3 hours to obtain the bluish gray solid. 

After calcination, pure water (500 ml) was added to 
the bluish gray solid and the mixture was stirred, followed 
25 by recovering of the solid by filtration. The same 
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operation was repeated five times. Thereafter, an aqueous 
solution of silver nitrate was dropwise added to the wash 
liquid to confirm that no potassium chloride remained. 

Thereafter, the solid was dried at 60°C for 4 hours to 
5 obtain an extruded bluish gray ruthenium oxide catalyst 
supported on titanium oxide (62.6 g) . 

A packing density of the obtained catalyst was 0.77. 

The calculated content of ruthenium oxide was as 
follows : 

10 [Ru0 2 / (Ru0 2 +Ti0 2 ) ] x 100 = 3.8 mass % 

The calculated content of ruthenium was as follows: 
[Ru/ (Ru0 2 + Ti0 2 ) ] x 100 = 2.9 mass % 
The obtained catalyst is named "Catalyst c". 
2) The second catalyst of this Comparative Example was 
15 prepared as follows. 

Titanium oxide powder (STR-60R (100 % rutile crystal) 
manufactured by Sakai Chemical Industry Co., Ltd.) (30.0 g) 
and aluminum oxide powder (AL-31-03 manufactured by 
Sumitomo Chemical Co., Ltd.) (30.0 g) were thoroughly mixed. 
20 To the mixture, pure water (19.6 g) and titanium oxide sol 
(CSB (TiG 2 content: 38 mass %) manufactured by Sakai 
Chemical Industry Co., Ltd.) (7.91 g) were added and 
kneaded. 

This mixture was molded by extrusion in the form of 
25 noodles having a diameter of 1.5 mm<|>, and dried under air 
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at 60°C for 4 hours to obtain white noodle- form titanium 

oxide-a-alumina . 

The white noodle-form titanium oxide-a-alumina was 
heated under air from room temperature to 500°C over 1.4 
5 hours and calcined at the same temperature for 3 hours to 

obtain white noodle-form titanium oxide-a-alumina (55.7 g) . 

After calcination, the noodle-form solid was cut to a 
length of about 5 mm to obtain an extruded white titanium 

oxide-a-alumina carrier . 
10 Then, the carrier (45.0 g) was impregnated with an 

aqueous solution of commercially available ruthenium 
chloride (RuCl 3 .nH 2 0, ruthenium content: 37.3 mass %) (1.83 
g) dissolved in pure water (14.0 g) and dried at 60°C for 2 
hours . 

15 Then, the obtained solid was dipped in a solution 

containing 2N aqueous solution of potassium hydroxide (9.49 
g) , pure water (270 g) and hydrazine monohydrate (2.30 g) . 
Bubbling was observed as soon as the calcined solid was 
dipped in the solution. After 60 minutes, the supernatant 

20 was removed by filtration. Then, pure water (500 ml) was 
added to the recovered solid and the solid was washed for 
30 minutes, followed by filtration. The washing and 
filtration were repeated five times. The pH of the first 
wash liquid was 9.2, and that of the fifth wash liquid was 

25 7.2. 
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To the filtrated solid, a 0.5 mol/1 aqueous solution 
of potassium chloride (50 g) was added, and stirred, 
followed by recovering of the solid by filtration. The 
same operation was repeated three times. 

The obtained solid was dried at 60°C for 4 hours to 
obtain the gray solid. 

Then, the gray solid was heated under air from room 
temperature to 350°C over 1 hour and calcined at the same 
temperature for 3 hours to obtain the bluish gray solid. 

After calcination, pure water (500 ml) was added to 
the bluish gray solid and the mixture was stirred, followed 
by recovering of the solid by filtration. The same 
operation was repeated five times. Thereafter, an aqueous 
solution of silver nitrate was dropwise added to the wash 
liquid to confirm that no potassium chloride remained. 

Thereafter, the solid was dried at 60°C for 4 hours to 
obtain an extruded bluish gray ruthenium oxide catalyst 
supported on titanium oxide-a-alumina (45.4 g) . 

The packing density of this catalyst was 0.97. 

The calculated content of ruthenium oxide was as 
follows : 

[Ru0 2 / (Ru0 2 +TiO z +a-Al 2 0 3 ) ] x 100 = 2.0 mass % 

The calculated content of ruthenium was as follows: 

[Ru/ (Ru0 2 + Ti0 2 +a-Al 2 0 3 ) 1 x 100 = 1.5 mass % 
This catalyst was named * Catalyst b" . 
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3) In a glass test reactor tube having an inner 
diameter of 15 mmfy, in which a thermocouple-protective tube 
having an outer diameter of 6 ram was inserted, Catalyst a, 
which is the same as Catalyst a of Example 1, and above- 
prepared Catalysts b and c were charged in a volume ratio 
of 2:13:5 (a:b:c) from the inlet of a reactor. Each 
Catalyst had been diluted with the same volume ratio of a- 
alumina spheres having a diameter of 2 mm (SSA 995 
manufactured by NIKKATO) . The charged volumes of Catalysts 
a, b and c were as follows: 

Catalyst a: 1.73 ml (2.27 g) 

Catalyst b: 11.25 ml (10.88 g) 

Catalyst c: 4.32 ml (3.33 g) 

The total volume of charged catalysts was 17.3 ml. 

The upper zone of the catalyst layer was formed by 
Catalyst a and Catalyst b, while the lower zone of the 
catalyst layer was formed by Catalyst c, and each zone was 
heated with a respective electric furnace. 

From the start of the reaction to 54 hours, hydrogen 
chloride gas and oxygen gas were supplied and flowed under 
atmospheric pressure from the upper zone to the lower zone 
at flow rates of 127 ml/min. and 66 ml/min. respectively 
(each converted to a volume at 0°C under 101 kPa.), and 
from 54 hours to 80 hours from the start of the reaction, 
hydrogen chloride gas and oxygen gas were supplied and 
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flowed under atmospheric pressure from the upper zone to 
the lower zone at flow rates of 130 ml/min. and 66 ml/min. 
respectively (each converted to a volume at 0°C under 101 
kPa.) During the reaction, the conversion of hydrogen 
5 chloride was maintained at higher than 70 %. After 80 
hours, the internal temperature (hot spot) of the upper 
zone in the test reactor tube was 341 °C, while that of the 
lower zone was 302 °C. At this time, the gas from the 
outlet of the test reactor tube was sampled by passing it 

10 through an aqueous 30 mass % potassium iodide solution, and 
the amount of chlorine formed and the amount of unreacted 
hydrogen chloride were determined by iodometric titration 
and neutralization titration, respectively. The conversion 
of hydrogen chloride was 91*0 % „ 

15 4) Thereafter, the activity of Catalyst c was measured 

as follows: 

The activity of Catalyst c was represented by M(c) . 
Catalyst c was isolated from the mixture of Catalyst c 
and the a-alumina carrier used in the step 3) . Using this 
20 Catalyst c, the activity M(c) was measured in the same 
manner as that for the measurement of M(c) in Example 1 
except that 2.5 g of Catalyst c was diluted by mixing with 
the commercially available spherical a-alumina carrier 
having a diameter of 2 mm (SSA 995 manufactured by NIKKATO) 
25 (10 g) , diluted Catalyst c was charged in a quartz reactor 
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tube having an inner diameter of 12 mm, hydrogen chloride 
gas and oxygen gas were supplied in the quartz reactor tube 
under atmospheric pressure at flow rates of 192 ml/min. and 
192 ml/min., respectively (each converted to a volume at 
5 0°C under 101 kPa . ) , and the internal temperature (hot 

spot) was maintained at 300°C. When 2.0 hours after the 
start of the reaction, the chlorine formation activity per 
unit mass of the catalyst was 7.1 x 10" 4 mol/min . g-cat . 
5) In a glass test reactor tube having an inner 

10 diameter of 14 mm, in which a thermocouple-protective tube 
having an outer diameter of 5 mm was inserted, Catalyst a, 
which is the same as Catalyst a of Example 1, and above- 
prepared Catalysts b and c were charged in a volume ratio 
of 2:13:5 (a:b:c) from the inlet of a reactor. Each 

15 Catalyst had been diluted with the same volume ratio of a- 
alumina spheres having a diameter of 2 mm (SSA 995 
manufactured by NIKKATO) . The charged volumes of Catalysts 
a, b and c were as follows: 

Catalyst a: 1-73 ml (2.27 g) 

20 Catalyst b: 11.25 ml (10.88 g) 

Catalyst c: 4.32 ml (3.33 g) 

The total volume of charged catalysts was 17.3 ml. 
The upper zone of the catalyst layer was formed by 
Catalyst a and Catalyst b, while the lower zone of the 
25 catalyst layer was formed by Catalyst c, and each zone was 
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heated with a respective electric furnace. 

Hydrogen chloride gas and oxygen gas were supplied and 
flowed under atmospheric pressure from the upper zone to 
the lower zone at flow rates of 130 ml/min. and 64 ml/min., 
respectively (each converted to a volume at 0°C under 101 
kPa.) This reaction operation was carried out for 502 
hours under the same conditions while maintaining the 
conversion of hydrogen chloride at higher than 70 %. After 
502 hours, the internal temperature (hot spot) of the upper 
zone in the test reactor tube was 352°C, while that of the 
lower zone was 302°C. At this time, the gas from the 
outlet of the test reactor tube was sampled by passing it 
through an aqueous 30 mass % potassium iodide solution, and 
the amount of chlorine formed and the amount of unreacted 
hydrogen chloride were determined by iodometric titration 
and neutralization titration, respectively. The conversion 
of hydrogen chloride was 83.3 %. 

6) After the step 5) , Catalyst c was isolated from the 
mixture of Catalyst c and the a-alumina carrier used in the 
step 5), and the activity of Catalyst c N(c) was measured 
in the same manner as that for the measurement of N(c) in 
Example 1 except that Catalyst c was diluted with a 
commercially available spherical a-alumina carrier having a 
diameter of 2 mm (SSA 995 manufactured by NIKKATO) (10g) 
by mixing them thoroughly, and diluted Catalyst c was 
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filled in a quartz reactor tube having an inner diameter of 
12 mm. 

The chlorine formation activity N(c) was 5.6 x 10-4 
mol/min. g-cat . 
5 Thus, N(c)/M(c) was 0.79. 

Comparative example 7 

A catalyst of this Comparative Example was prepared as 
follows . 

A spherical titanium oxide carrier (CS-300S (anatase 
10 crystal) manufactured by Sakai Chemical Industry Co., Ltd.) 

was ground to adjust its particle size in the range between 
0.85 and 1.4 mm, and then calcined under air at 500°C for 1 
hour. Then, the ground titanium oxide carrier (5.0 g) was 
impregnated with an aqueous solution of commercially 
15 available ruthenium chloride hydrate (RuCl 3 .nH 2 0) (1.41 g) 
in pure water (3.2 g) , and dried by heating it from room 
temperature to 100°C over 30 minutes and at the same 
temperature for 2 hours while supplying nitrogen gas at a 
flow rate of 100 ml/min. Furthermore, the impregnated 
20 carrier was heated from 100°C to 250°C over 50 minutes and 
then at the same temperature for 3 hours to obtain a black 
ruthenium chloride catalyst supported on titanium oxide 
(10.5 g) . 

The calculated content of ruthenium chloride was as 
25 follows: 
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[RuCl 2 / (RuCl 2 +Ti0 2 ) ] x 100 = 9.3 mass % 

The calculated content of ruthenium was as follows: 

[Ru/ (RuCl 2 +Ti0 2 ) ] x 100 = 4.5 mass % 

The obtained ruthenium chloride catalyst supported on 
5 titanium oxide (2.5 g) without dilution was charged in the 
reactor in the same manner as in Example 1, and the 
reaction was carried out in the same manner as that in 
Example 1 except that hydrogen chloride gas and oxygen gas 
were supplied at flow rates of 190 ml/min. and 200 ml/min., 
10 respectively. 

When 1.7 hours after the start of the reaction, the 
chlorine formation activity per unit mass of the catalyst 
was 2.97 x 10" 4 mol/min . g-cat . 
Comparative Example 8 
15 A catalyst of this Comparative Example was prepared as 

follows . 

A spherical titanium oxide carrier (CS-300S (anatase 
crystal) manufactured by Sakai Chemical Industry Co., Ltd.) 
was ground to adjust its particle size in the range between 

20 0.85 and 1.4 mm, and then calcined under air at 500°C for 1 
hour. Then, the ground titanium oxide carrier (5.0 g) was 
impregnated with an aqueous solution of commercially 
available ruthenium chloride hydrate (RuCl 3 -nH 2 0) (0.70 g) 
in pure water (1.4 g) , and dried by heating it from room 

25 temperature to 100°C over 30 minutes and at the same 
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temperature for 2 hours while supplying nitrogen gas at a 
flow rate of 100 ml/min. Furthermore, the impregnated 
carrier was once cooled to room temperature and heated from 
room temperature to 350 °C over 2 hours and then at the same 
5 temperature for 3 hours while supplying an air at a flow 
rate of 100 ml/min. to obtain a black ruthenium oxide 
catalyst supported on titanium oxide (5.2 g) . 

The calculated content of ruthenium oxide was as 
follows : 

10 [Ru0 2 / (Ru0 2 +Ti0 2 ) ] x 100 = 6.2 mass % 

The calculated content of ruthenium was as follows: 
[Ru/ (Ru0 2 + TiO 2 ) ] x 100 = 4.7 mass % 

The obtained ruthenium oxide catalyst supported on 
titanium oxide (2.5 g) without dilution was charged in the 
15 reactor in the same manner as in Example 1, and the 

reaction was carried out in the same manner as that in 
Example 1 except that hydrogen chloride gas and oxygen gas 
were supplied at flow rates of 200 ml/min. and 200 ml/min., 
respectively. 

20 When 1.8 hours after the start of the reaction, the 

chlorine formation activity per unit mass of the catalyst 
was 2.37 x 10~ 4 mol/min. g-cat . 
Comparative Example 9 

A catalyst of this Comparative Example was prepared as 
25 follows. 
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A spherical titanium oxide carrier having a diameter 
of 1 to 2 mm (CS-300S-12 (anatase crystal) manufactured by 
Sakai Chemical Industry Co., Ltd.) (20.0 g) was impregnated 
with an aqueous solution of commercially available 
ruthenium chloride hydrate (RuCl 3 .nH 2 0, ruthenium content: 
38.2 mass %) (2.38 g) in pure water (7.0 g) , and dried at 
room temperature overnight to obtain the carrier supporting 
ruthenium chloride (24.7 g) . The carrier supporting 
ruthenium chloride was dried at 60°C for 2 hours. 
Furthermore, it was dried by heating it under a nitrogen 
flow (192 ml/min.) from room temperature to 150°C and then 
at the same temperature for 2 hours to obtain a black 
ruthenium chloride catalyst supported on titanium oxide 
(21 .3 g) . 

The calculated content of ruthenium chloride was as 
follows : 

[RuCl 2 / (RuCl 2 + Ti0 2 ) ] x 100 = 8.5 mass % 

The calculated content of ruthenium was as follows: 

[Ru/ (RuCl 2 +Ti0 2 ) ] x 100 - 4.2 mass % 

The obtained ruthenium chloride catalyst supported on 
titanium oxide (2.5 g) was charged in the reactor in the 
same manner as in Example 1, and the reaction was carried 
out in the same manner as that in Example 1 except that the 
internal temperature (hot spot) was maintained at 301 °C. 

When 1.8 hours after the start of the reaction, the 
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chlorine formation activity per unit mass of the catalyst 
was 2.75 x 1CT 4 mol/min . g-cat . 
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CLAIMS 

1. A supported ruthenium oxide catalyst selected from 
the group consisting of: 

(1) a supported ruthenium oxide catalyst comprising 
titanium oxide which contains the rutile crystal form, and 
which is obtained by calcination at a temperature of at 
least 550°C / as a carrier; 

(2) a supported ruthenium oxide catalyst having a 
carbon monoxide adsorption amount of at least 87.5 ml per 
one gram of ruthenium contained in the catalyst, which is 
measured by the following steps of: 

reducing 0.1 g of said catalyst at 220°C for 60 
minutes with flowing a hydrogen gas at a flow rate of 50 
ml/min. under atmospheric pressure, and 

conducting a metal surface area measuring method 
according to a carbon monoxide pulse; 

(3) a supported ruthenium oxide catalyst obtained by a 
preparation process comprising the steps of: 

supporting a ruthenium compound on a carrier, 
calcining said supported one at a temperature of at 

least 200°C in an atmosphere selected from the group 

consisting of an oxidizing gas atmosphere, an inert gas 

atmosphere and a reducing gas atmosphere, 

treating said calcined one with a mixed solution of 

hydrazine and an alkaline compound, 



:a o * j s-s- e o r :: :« ,, i; t i£ e e; us ;.,? 



WO 01/10550 PCT/JP00/05229 

198 



and 

oxidizing said hydrazine-treated one. 

2. The catalyst according to claim 1, which is said 
catalyst (2) prepared by the method for the preparation of 

5 the catalyst (3) in claim 1. 

3. The catalyst according to claim 1, which is said 
catalyst (2) or (3), wherein said carrier is titanium oxide 
containing the rutile crystal form. 

4 . A process for producing a supported ruthenium oxide 
10 catalyst or a supported ruthenium chloride catalyst 

selected from the group consisting of the following 
processes (1) to (6): 

(1) a process comprising the steps of: 
supporting a ruthenium compound on a carrier 

15 consisting of titanium oxide which contains the rutile 
crystal form, and which is obtained by calcination at a 
temperature of at least 550°C, and 

calcining said supported one in an atmosphere selected 
from the group consisting of an oxidizing gas atmosphere, 

20 an inert gas atmosphere and a reducing gas atmosphere; 

(2) a process comprising the steps of: 
supporting a ruthenium compound on a carrier, 
calcining said supported one at a temperature of at 

least 200°C in an atmosphere selected from the group 
25 consisting of an oxidizing gas atmosphere, an inert gas 
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atmosphere and a reducing gas atmosphere, 

treating said calcined one with a mixed solution of 
hydrazine and an alkaline compound, 
and 

5 oxidizing said hydrazine-treated one 

wherein said supported ruthenium oxide catalyst has a 
carbon monoxide adsorption amount of at least 87.5 ml per 
one gram of ruthenium contained in the catalyst, which is 
measured by the following steps of: 
10 reducing 0.1 g of said catalyst at 220°C for 60 

minutes with flowing a hydrogen gas at a flow rate of 50 
ml/min. under atmospheric pressure, and 

conducting a metal surface area measuring method 
according to a carbon monoxide pulse; 
15 (3) a process comprising the steps of: 

supporting a ruthenium compound on a carrier, 
calcining said supported one at a temperature of at 
least 200°C in an atmosphere selected from the group 
consisting of an oxidizing gas atmosphere, an inert gas 
20 atmosphere and a reducing gas atmosphere, 

treating said calcined one with a mixed solution of 
hydrazine and an alkaline compound, 
and 

oxidizing said hydrazine-treated one; 
25 (4) a process comprising the steps of: 
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supporting a ruthenium compound on a carrier, 

and 

calcining said supported one in an atmosphere selected 
from the group consisting of an oxidizing gas atmosphere, 
5 an inert gas atmosphere and a reducing gas atmosphere, 
wherein, when the peak intensity ratio of the produced 
catalyst and that of the catalyst after a 50 hours reaction 
test, which are measured by an extended X-ray absorption 
fine structure analysis (EXAFS) method, are A(b) and B(b) 
10 respectively, the peak intensity ratios A(b) and B(b) 
satisfy the following equation (1) : 

1 < B(b) /A(b) < 1.45 (1) 
provided that A(b) < 0.8, 
wherein A(b) is a peak intensity ratio of as-produced 
15 Catalyst b measured by the EXAFS method, and B(b) is a peak 
intensity ratio of Catalyst b measured by the EXAFS method 
after the 50 hours reaction test; 
in which 

the 50 hours reaction test is carried out by filling 
20 supported ruthenium oxide Catalysts a and b in a reactor in 
this order from the inlet of the reactor in a weight ratio 
of 1:10 (Catalyst a to Catalyst b) , and supplying, under 
atmospheric pressure, a hydrogen chloride gas at a flow 
rate of 0.185 to 0.197 mol/g-cat . hr . while supplying an 
25 oxygen gas at a flow rate of 0.092 to 0.098 mol/g-cat . hr . 
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to carry out the reaction for 50 hours while maintaining 
the hot spot of Catalyst b at 360°C±1°C, wherein Catalyst a 
is a catalyst having a chlorine formation activity per unit 
mass of catalyst of 2 x 10*~ 4 to 3 x 10~ 4 mol/min . g-cat . , 
which is obtained in a reaction test for forming chlorine 
by oxidizing hydrogen chloride with oxygen at 300°C with a 
molar ratio of hydrogen chloride to oxygen being 1:1, and 
Catalyst b is a supported ruthenium oxide Catalyst produced 
by the above process, 
and in which 

EXAFS method: Catalyst b is measured by an X-ray 
absorption fine structure analysis (XAFS) method at the Ru- 
K absorption edge, and the peak intensity of the catalyst 
is evaluated by the peak around 0.32 nm in a radial 
distribution function obtained by the Fourier 
transformation of the EXAFS spectrum, wherein the peak 
intensity corresponds to the number of the second nearest 
neighbor ruthenium atoms of the X-ray absorbing ruthenium 
atoms in ruthenium dioxide, and the peak intensity ratio of 
the catalyst is calculated by dividing the peak intensity 
of the catalyst by that of ruthenium oxide having a 
particle size of at least 10 nm; 

(5) a process comprising the following steps but not a 
treating step with hydrazine: 

supporting a ruthenium compound on a titanium oxide 
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carrier containing the rutile crystal form, 
and 

calcining said supported one at a temperature of 200°C 
to 600°C in an atmosphere selected from the group 
5 consisting of an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere; 
and 

(6) a process comprising the following steps but 
neither a calcining step nor a treating step with 
10 hydrazine: 

supporting a ruthenium halide on a titanium oxide 
carrier containing the rutile crystal form, 
and 

drying said supported one in an atmosphere selected 
15 from the group consisting of an oxidizing gas atmosphere, 
an inert gas atmosphere and a reducing gas atmosphere at a 
temperature of 20°C to less than 200°C. 

5. The process according to claim 4, which is the 
process (2), (3) or (4), wherein said carrier is titanium 

20 oxide containing the rutile crystal form. 

6. The process according to claim 4, which is the 
process (5), comprising the following steps but not a 
treating step with hydrazine: 

supporting a ruthenium compound on a carrier, 

25 and 
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calcining said supported one in an atmosphere selected 
from the group consisting of an oxidizing gas atmosphere, 
an inert gas atmosphere and a reducing gas atmosphere, 
wherein the catalytic activity value of the produced 
catalyst and the catalytic activity value of the catalyst 
after 50 hours reaction test, which are measured by a 
catalytic activity test which is defined below, are 
respectively C(b) and D(b), and which satisfy the following 
equation (2) : 

0.79 < D (b) /C (b) < 1 (2) 
provided that C(b) ^ 3.0X10" 4 mol/min- g-cat 
wherein C(b) is a catalytic activity value of the produced 
catalyst b, which is measured by the catalytic activity 
test and D(b) is a catalytic activity value of the catalyst 
b, which is measured by the catalytic activity test after a 
50 hours reaction test; 
in which 

the 50 hours reaction test is carried out by filling 
supported ruthenium oxide Catalysts a and b in a reactor in 
this order from the inlet of the reactor in a weight ratio 
of 1:10 (Catalyst a to Catalyst b) , and supplying, under 
atmospheric pressure, a hydrogen chloride gas at a flow 
rate of 0.185 to 0.197 mol/g-cat . hr . while supplying an 
oxygen gas at a flow rate of 0.092 to 0.098 mol/g-cat . hr . 
to carry out the reaction for 50 hours while maintaining 
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the hot spot of Catalyst b at 360°C±1°C, wherein Catalyst a 
is a catalyst having a chlorine formation activity per unit 
mass of catalyst of 2 x 10" 4 to 3 x 1CT 4 mol/min . g-cat . , 
which is obtained in a reaction test for forming chlorine 
by oxidizing hydrogen chloride with oxygen at 300°C with a 
molar ratio of hydrogen chloride to oxygen being 1:1, and 
Catalyst b is a supported ruthenium oxide Catalyst 
produced by the above process, 
and in which 

Catalytic activity test: 2.3 to 2,5 grams of a 
catalyst is diluted by mixing with 10 to 20 g of a 
spherical a-alumina carrier having a diameter of 2 mm, and 
filled in a quartz reactor tube having an inner diameter of 
12 ram, then a hydrogen chloride gas and an oxygen gas are 
supplied in the reactor under atmospheric pressure at flow 
rates of 190 to 210 ml/min. and 190 to 210 ml/min., 
respectively (both volumes being converted to those at 0°C 
under 101 kPa) while heating the reactor in an electric 
furnace and maintaining the internal temperature (hot spot) 
at 300±1°C / after 2.0±1.0 hours from the start of the 
reaction, an exit gas from the reactor is sampled by 
passing it through a 30 mass % aqueous solution of 
potassium iodide, the amount of formed chlorine and the 
amount of unreacted hydrogen chloride are measured by an 
iodine titration method and a neutralization titration 
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method, respectively, and thereafter a chlorine formation 
activity per unit mass of the catalyst is calculated by the 
following equation and used as a catalyst activity: 
Chlorine formation activity per unit mass of the catalyst 
5 (mol/min * g-cat . ) = 

Amount of chlorine gas from reactor exit (mol/min.)/ 
catalyst weight (g) . 

7. The process according to claim 4, which is the 
- process (6), comprising the following steps but neither a 
10 calcining step nor a treating step with hydrazine: 

supporting a ruthenium halide on a titanium oxide 
carrier containing the rutile crystal form, 
and 

drying said supported one in an atmosphere selected 
15 from the group consisting of an oxidizing gas atmosphere, 
an inert gas atmosphere and a reducing gas atmosphere at a 
temperature of 20°C to less than 200°C, 
wherein the catalytic activity value of the produced 
catalyst and the catalytic activity value of the catalyst 
20 after 50 hours reaction test , which are measured by a 
catalytic activity test which is defined below, are 
respectively E (b) and F(b), and which satisfy the following 
equation (3) ; 

0.80 < F(b)/E(b) < 1.20 (3) 
25 provided that E (b) > 3.0 x 10" 4 mol/min . g-cat . , 
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in which 

50 Hours reaction test: Supported ruthenium oxide 
Catalysts a and b are filled in a reactor in this order 
from the inlet of the reactor in a weight ratio of 1:10 
5 (Catalyst a to Catalyst b) , and a hydrogen chloride gas is 

supplied under atmospheric pressure at a flow rate of 0.185 
to 0.197 mol/g-cat.hr. while supplying an oxygen gas at a 
flow rate of 0.092 to 0.098 mol/g-cat.hr. to carry out the 
reaction for 50 hours while maintaining the hot spot of 

10 Catalyst b at 360°C±1°C, in which Catalyst a is a supported 
ruthenium oxide catalyst having a chlorine formation 
activity per unit mass of the catalyst of 2 x 10" 4 to 3 x 
10~ A mol/min.g-cat . , which is obtained in a reaction test 
for forming chlorine by oxidizing hydrogen chloride with 

15 oxygen at 300°C with a molar ratio of hydrogen chloride to 
oxygen being 1:1, and Catalyst b is a supported ruthenium 
oxide catalyst produced by the above process, 
and in which 

Catalytic activity test: 2.3 to 2.5 grams of a 

20 catalyst is diluted by mixing with 10 to 20 g of a 

spherical a-alumina carrier having a diameter of 2 mm, and 
filled in a quartz reactor tube having an inner diameter of 
12 mm, then a hydrogen chloride gas and an oxygen gas are 
supplied in the reactor under atmospheric pressure at flow 

25 rates of 190 to 210 ml/min. and 190 to 210 ml/min. 



WO 01/10550 



PCT/JP00/05229 



207 

respectively (both volumes being converted to those at 0°C 
under 101 kPa) while heating the reactor in an electric 
furnace and maintaining the internal temperature (hot spot) 
at 300±1°C, after 2.0+1.0 hours from the start of the 
reaction, an exit gas from the reactor is sampled by 
passing it through a 30 mass % aqueous solution of 
potassium iodide, the amount of formed chlorine and the 
amount of unreacted hydrogen chloride are measured by an 
iodine titration method and a neutralization titration 
method, respectively, and thereafter a chlorine formation 
activity per unit mass of the catalyst is calculated by the 
following equation and used as a catalyst activity: 
Chlorine formation activity per unit mass of the catalyst 
(mol/min. g-cat . ) = 

Amount of chlorine gas from reactor exit (mol/min.)/ 
catalyst weight (g) . 

8. A process for producing chlorine by oxidizing 
hydrogen chloride with oxygen, which uses at least one 
catalyst selected from the group consisting of the 
following catalysts (1) to (6) : 

(1) a supported ruthenium oxide catalyst comprising 
titanium oxide which contains the rutile crystal form, and 
which is obtained by calcination at a temperature of at 
least 550°C, as a carrier; 

(2) a supported ruthenium oxide catalyst having a 



:i O 0 11 #• I % It ,*f ;jl „ £.s -e O 



WO 01/10550 PCT/JP00/05229 

208 



carbon monoxide adsorption amount of at least 87,5 ml per 
one gram of ruthenium contained in the catalyst, which is 
measured by the following steps of: 

reducing 0.1 g of said catalyst at 220°C for 60 
5 minutes with flowing a hydrogen gas at a flow rate of 50 
ml/min. under atmospheric pressure, and 

conducting a metal surface area measuring method 
according to a carbon monoxide pulse; 

(3) a supported ruthenium oxide catalyst obtained by a 
10 preparation process comprising the steps of: 

supporting a ruthenium compound on a carrier, 

calcining said supported one at a temperature of at 
least 200°C in an atmosphere selected from the group 
consisting of an oxidizing gas atmosphere, an inert gas 
15 atmosphere and a reducing gas atmosphere, 

treating said calcined one with a mixed solution of 
hydrazine and an alkaline compound, 
and 

oxidizing said hydrazine-treated one; 
2 0 (4) a supported ruthenium oxide catalyst produced by a 

process comprising the steps of: 

supporting a ruthenium compound on a carrier, 

and 

calcining said supported one in an atmosphere selected 
25 from the group consisting of an oxidizing gas atmosphere, 
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an inert gas atmosphere and a reducing gas atmosphere, 
wherein, when the peak intensity ratio of the produced 
catalyst and that of the catalyst after a 50 hours reaction 
test, which are measuerd by an extended X-ray absorption 
5 fine structure analysis (EXAFS) method, are A(b) and B(b) 
respectively, the peak intensity ratios A(b) and B(b) 
satisfy the following equation (1): 

1 < B(b) /A(b) < 1.45 (1) 

provided that A(b) < 0.8, 
10 wherein A(b) is a peak intensity ratio of as-produced 

Catalyst b measured by the EXAFS method, and B(b) is a peak 
intensity ratio of Catalyst b measured by the EXAFS method 
after the 50 hours reaction test; 
in which 

15 50 Hours reaction test: Supported ruthenium oxide 

Catalysts a and b are filled in a reactor in this order 
from the inlet of the reactor in a weight ratio of 1:10 
(Catalyst a to Catalyst b) , and a hydrogen chloride gas is 
supplied under atmospheric pressure at a flow rate of 0.185 

20 to 0.197 mol/g-cat . hr . while supplying an oxygen gas at a 
flow rate of 0.092 to 0.098 mol/g-cat . hr . to carry out the 
reaction for 50 hours while maintaining the hot spot of 
Catalyst b at 360°C±1°C, in which Catalyst a is a supported 
ruthenium oxide catalyst having a chlorine formation 

25 activity per unit mass of the catalyst of 2 x 10" 4 to 3 x 
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1Q~ A mol/min . g-cat . , which is obtained in a reaction test 
for forming chlorine by oxidizing hydrogen chloride with 
oxygen at 300°C with a molar ratio of hydrogen chloride to 
oxygen being 1:1, and Catalyst b is a supported ruthenium 
5 oxide catalyst produced by the above process, 
and in which 

EXAFS method: Catalyst b is measured by an X-ray 
absorption fine structure analysis (XAFS) method at the Ru- 
K absorption edge, and the peak intensity of the catalyst 

10 is evaluated by the peak around 0.32 nm in a radial 
distribution function obtained by the Fourier 
transformation of the EXAFS spectrum, wherein the peak 
intensity corresponds to the number of the second nearest 
neighbor ruthenium atoms of the X-ray absorbing ruthenium 

15 atoms in ruthenium dioxide, and the peak intensity ratio of 
the catalyst is calculated by dividing the peak intensity 
of the catalyst by that of ruthenium oxide having a 
particle size of at least 10 nm; 

(5) a supported ruthenium oxide catalyst produced by a 

20 process comprising the following steps but not a treating 
step with hydrazine: 

supporting a ruthenium compound on a titanium oxide 
carrier containing the rutile form, 
and 

25 calcining said supported one at a temperature of 200°C 
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to 600 °C in an atmosphere selected from the group 
consisting of an oxidizing gas atmosphere, an inert gas 
atmosphere and a reducing gas atmosphere; 
and 

(6) a supported ruthenium oxide catalyst produced by 
process comprising the following steps but neither a 
calcining step nor a treating step with hydrazine: 

supporting a ruthenium halide on a titanium oxide 
carrier containing the rutile crystal form, 
and 

drying said supported one in an atmosphere selected 
from the group consisting of an oxidizing gas atmosphere, 
an inert gas atmosphere and a reducing gas atmosphere at a 
temperature of 20°C to less than 200°C. 

9. The process according to claim 8, wherein said 
catalyst (2) is prepared by the process described in (3) . 

10. The process according to claim 8, wherein said 
catalyst is any one of the supported ruthenium oxide 
catalysts (2), (3) and (4) comprising titanium oxide 
containing the rutile crystal form as a carrier. 

11. The process according to claim 8, wherein said 
catalyst is the supported ruthenium oxide catalyst (5), 
wherein the catalyst is produced by a process comprising 
the following steps but not a treating step with hydrazine 

supporting a ruthenium compound on a carrier, 
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and 

calcining said supported one in an atmosphere selected 
from the group consisting of an oxidizing gas atmosphere, 
an inert gas atmosphere and a reducing gas atmosphere, 
wherein the catalytic activity value of the produced 
catalyst and the catalytic activity value of the catalyst 
after 50 hours reaction test , which are measured by a 
catalytic activity test which is defined below, are 
respectively C(b) and D(b), and which satisfy the following 
equation (2 ) : 

0.79 < D(b)/C(b) < 1 (2) 
provided that C(b) > 3.0 x 10" 4 mol/min.g-cat. 
wherein C(b) is a catalytic activity value of the produced 
catalyst b, which is measured by the catalytic activity 
test and D(b) is a catalytic activity value of the catalyst 
b, which is measured by the catalytic activity test after a 
50 hours reaction test; 
in which 

the 50 hours reaction test is carried out by filling 
supported ruthenium oxide Catalysts a and b in a reactor in 
this order from the inlet of the reactor in a weight ratio 
of 1:10 (Catalyst a to Catalyst b) , and supplying, under 
atmospheric pressure, a hydrogen chloride gas at a flow 
rate of 0.185 to 0.197 mol/g-cat . hr . while supplying an 
oxygen gas at a flow rate of 0.092 to 0.098 mol/g-cat . hr . 
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to carry out the reaction for 50 hours while maintaining 
the hot spot of Catalyst b at 360°C±1°C, wherein Catalyst a 
is a catalyst having a chlorine formation activity per unit 
mass of catalyst of 2 x 10" 4 to 3 x 10~ 4 mol/min . g-cat . , 
which is obtained in a reaction test for forming chlorine 
by oxidizing hydrogen chloride with oxygen at 300°C with a 
molar ratio of hydrogen chloride to oxygen being 1:1, and 
Catalyst b is a supported ruthenium oxide Catalyst 
produced by the above process, 
and in which 

Catalytic activity test: 2.3 to 2.5 grams of a 
catalyst is diluted by mixing with 10 to 20 g of a 
spherical a-alumina carrier having a diameter of 2 mm, and 
filled in a quartz reactor tube having an inner diameter of 
12 mm, then a hydrogen chloride gas and an oxygen gas are 
supplied in the reactor under atmospheric pressure at flow 
rates of 190 to 210 ml/min. and 190 to 210 ml/min., 
respectively (both volumes being converted to those at 0°C 
under 101 kPa) while heating the reactor in an electric 
furnace and maintaining the internal temperature (hot spot) 
at 300±1°C, after 2.011.0 hours from the start of the 
reaction, an exit gas from the reactor is sampled by 
passing it through a 30 mass % aqueous solution of 
potassium iodide, the amount of formed chlorine and the 
amount of unreacted hydrogen chloride are measured by an 
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iodine titration method and a neutralization titration 
method, respectively, and thereafter a chlorine formation 
activity per unit mass of the catalyst is calculated by the 
following equation and used as a catalyst activity: 
5 Chlorine formation activity per unit mass of the catalyst 
(mol/min . g-cat . ) = 

Amount of chlorine gas from reactor exit (mol/min.)/ 

catalyst weight (g) . 

12. The process according to claim 8, wherein said 
10 catalyst is the supported ruthenium oxide catalyst (6), 

wherein the catalyst is produced by a process comprising 

the following steps but neither a calcining step nor a 

treating step with hydrazine: 

supporting a ruthenium halide on a titanium oxide 
15 carrier containing the rutile crystal form, 

and 

drying said supported one in an atmosphere selected 
from the group consisting of an oxidizing gas atmosphere, 
an inert gas atmosphere and a reducing gas atmosphere at a 

20 temperature of 20°C to less than 200°C, 

wherein the catalytic activity value of the produced 
catalyst and the catalytic activity value of the catalyst 
after 50 hours reaction test , which are measured by a 
catalytic activity test which is defined below, are 

25 respectively E(b) and F(b), and which satisfy the following 
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equation (3) : 

0.80 < F(b)/E(b) < 1.20 (3) 

provided that E(b) > 3.0 x 10~ 4 mol/min . g-cat . 
in which 

50 Hours reaction test: Supported ruthenium oxide 
Catalysts a and b are filled in a reactor in this order 
from the inlet of the reactor in a weight ratio of 1:10 
(Catalyst a to Catalyst b) , and a hydrogen chloride gas is 
supplied under atmospheric pressure at a flow rate of 0.185 
to 0.197 mol/g-cat . hr . while supplying an oxygen gas at a 
flow rate of 0.092 to 0.098 mol/g-cat . hr . to carry out the 
reaction for 50 hours while maintaining the hot spot of 
Catalyst b at 360°C±1°C, in which Catalyst a is a supported 
ruthenium oxide catalyst having a chlorine formation 
activity per unit mass of the catalyst of 2 x 10~ 4 to 3 x 
10~ 4 mol/min. g-cat . , which is obtained in a reaction test 
for forming chlorine by oxidizing hydrogen chloride with 
oxygen at 300°C with a molar ratio of hydrogen chloride to 
oxygen being 1:1, and Catalyst b is a supported ruthenium 
oxide catalyst produced by the above process, 
and in which 

Catalytic activity test: 2.3 to 2.5 grams of a 
catalyst is diluted by mixing with 10 to 20 g of a 
spherical a-alumina carrier having a diameter of 2 mm, and 
filled in a quartz reactor tube having an inner diameter of 
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12 mm, then a hydrogen chloride gas and an oxygen gas are 
supplied in the reactor under atmospheric pressure at flow 
rates of 190 to 210 ml/min. and 190 to 210 ml/min., 
respectively (both volumes being converted to those at 0°C 
5 under 101 kPa) while heating the reactor in an electric 

furnace and maintaining the internal temperature (hot spot) 
at 300±1°C, after 2.0±1.0 hours from the start of the 
reaction, an exit gas from the reactor is sampled by 
passing it through a 30 mass % aqueous solution of 

10 potassium iodide, the amount of formed chlorine and the 
amount of unreacted hydrogen chloride are measured by an 
iodine titration method and a neutralization titration 
method, respectively, and thereafter a chlorine formation 
activity per unit mass of the catalyst is calculated by the 

15 following equation and used as a catalyst activity: 

Chlorine formation activity per unit mass of the catalyst 
(mol/min . g-cat . ) = 

Amount of chlorine gas from reactor exit (mol/min.)/ 
catalyst weight (g) . 
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^ and an alkaline compound, and oxidizing the hydrazine-treated one. These catalysts have a high catalytic activity and thus produce 
^ chlorine in a smaller amount at a lower temperature. 
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